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Figure 87-1. Degrees of freedom 
(DOF) in motion. A, Conventional 
laparoscopic instruments have 
only four DOF and grip. Insertion 
(i.e., movement in the z-axis), roll, 
and movement along the x- and 
y-axes outside the body relative to 
a fulcrum point constitute the four 
DOF. B, Depiction of the EndoWrist 
instrument with two added intra-
corporeal joints, producing seven 
DOF. (Copyright © 1999 Intuitive 
Surgical, Sunnyvale, Calif.)
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ROBOTIC SYSTEMS

The word robot is a ubiquitous term that describes an 
autonomous device capable of various tasks (see the pre-
vious section on history). Industrial robots used in assem-
bly lines perform highly precise, repetitive tasks. The 
robots are preprogrammed offline, and tasks are invoked 
on command. Robots used in orthopedic surgery and 
neurosurgery are examples.11 Precise tasks, such as drill-
ing and probe insertion, are based on registration. Regis-
tration is a mathematical process that allows location and 
anatomic orientation in three dimensions based on data 
derived from preoperative computed tomography (CT) or 
magnetic resonance imaging (MRI).

A second type of robot is defined as an assist device, 
such as AESOP. These robots are used to control instru-
ment location and guidance. Assist-device robots are not 
autonomous; they need input cues from an operator.

A third type of robot is a telemanipulator. These robots 
are under constant control of an operator. These devices 
mimic the operator’s hand motions in an exact or scaled 
motion. Several telemanipulator robotic devices are avail-
able throughout the world. The da Vinci Robotic Surgical 
System (Fig. 87-2) and the ZEUS Surgical System (Fig. 
87-3) were developed in parallel; these two systems are 
similar with only minor differences. The ZEUS system was 
subsequently shelved after its competitor, Intuitive Surgi-
cal, acquired the company. The da Vinci Robotic Surgi-
cal System is described in this chapter as a representation 
of most modern surgical robots. It has been approved by 
the U.S. Food and Drug Administration (FDA) for use in 
urologic procedures, general laparoscopic surgical proce-
dures, gynecologic procedures, transoral otolaryngology 
procedures, general thoracoscopic procedures, and thora-
coscopically assisted cardiotomy procedures.12

The components of the da Vinci system include: a Sur-
geon Console, a patient-side cart, EndoWrist instruments, 
and an optical vision tower (see Fig. 87-2). The surgeon 
sits comfortably at the console (Fig. 87-4) and is able to 
view a high definition, three-dimensional image inside 
the patient body. The viewing space provided is similar to 
a double- eyepiece microscope (Fig. 87-5). At the console, 
the surgeon is actually looking at two separate monitors; 
each monitor displays one channel of the stereo endo-
scope to an eye, creating a virtual three-dimensional ste-
reoscopic image of the surgical field (Fig. 87-6, A). The 



PART V: Adult Subspecialty Management2584
A B

Figure 87-3. A, The console of the ZEUS robotic telemanipulation system consists of a video monitor and two instrument handles that translate 
the surgeon’s hand motions into an electric signal that moves the robotic instruments. B, Two table-mounted AESOP arms hold instruments, and 
a third arm controls the camera. (Courtesy Computer Motion, Sunnyvale, Calif.)

Figure 87-2. The da Vinci Robotic Surgical Si System: two surgical consoles, patient-side cart with four mounted surgical arms, and an optical 
tower. (Courtesy Intuitive Surgical, Sunnyvale, Calif.)
surgeon’s fingers grasp the master controls underneath 
the display (see Fig. 87-6, B). The master controls are 
made of levers that attach to index fingers and thumbs of 
each hand. Wrist movements replicate the movements of 
the instruments at the end of the robotic arms. The con-
sole has a foot pedal that disengages the robotic motions 
(i.e., clutching), another that allows adjustment of the 
endoscopic camera, and a third pedal for controlling the 
energy of electric cauterization. The surgeon sits at the 
console and controls the telescope arm and three robotic 
manipulator arms. The da Vinci Si system, introduced in 
2009, has dual console capability to support training and 
collaboration during robotic surgery.

The patient-side cart (Fig. 87-7) has four arms that 
can be manipulated by the surgeon through real-time 
computer-assisted control. The first two arms represent 
the surgeon’s right and left arms, to hold the instru-
ments, and the third arm positions the endoscope. The 
endoscope consists of dual, independent optical chan-
nels capable of transmitting digital images to the con-
sole’s visual monitor. The optional fourth arm enables 
the surgeon to hold another instrument or perform 
additional tasks, such as holding counter traction and 
following running sutures. The system allows the sur-
geon to be physically remote from the patient (Fig. 
87-8). The cart is bulky and heavy, and it has to be 
wheeled to the vicinity of the patient’s surgical area and 
locked into place. Because of the proximity of the side 
cart to the patient, the patient must be guarded against 
inadvertent contact from the motions of the robotic 
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Figure 87-4. The da Vinci Robotic Surgical System: the surgeon con-
sole. (Courtesy Intuitive Surgical, Sunnyvale, Calif.)

Figure 87-5. The da Vinci Robotic Surgical System: stereo viewer 
that creates a virtual three-dimensional stereoscopic image. (Courtesy 
Intuitive Surgical, Sunnyvale, Calif.)
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arms. Even more important, after the instruments are 
engaged to the arms of the robot and inside the patient, 
the patient’s body position cannot be modified unless 
the instruments are disengaged entirely and removed 
from the body cavity. Any patient movement can be 
disastrous. The clutching buttons allow the robotic arms 
to be grossly positioned without moving the instru-
ments within the trocars or access ports. A clutching 
function allows surgical assistants to exchange various 
instruments.

The EndoWrist instruments (Fig. 87-9) are designed 
to have seven degrees of motion—a range of motion 
even greater than the human wrist. Seven degrees of 
motion include three arm movements (in-out, up-
down, side-to-side), and three wrist movements—yaw 
(side-to-side, left and right), pitch (up and down), 
and roll or rotational. The seventh degree of freedom 
is grasping or cutting. The system design incorporates 
a frequency filter that eliminates hand tremor greater 
than 6 Hz. Motion scaling also can be invoked up to a 
ratio of 5:1 (i.e., the surgeon moves 5 cm, and the robot 
moves 1 cm). Scaling allows for work on a miniature 
scale. The instruments in the body cavity must remain 
sterile, but interface with nonsterile robotic arms. 
Detachable disposable instruments facilitate this inter-
face. Each type of instrument requires different forces 
and motion scaling intrinsic to the task, and each type 
requires specific computer software processing. Addi-
tional operating room staff members are required for 
detaching and exchanging task-specific instruments 
throughout the case. Monitors are positioned on top of 
the tower so that all individuals in the operating room 
have a view of the surgical field.

The optical tower contains the computer equipment 
needed to integrate the left and right optical channels 
to provide stereoscopic vision and to run the software 
needed to control the kinematics of the robotic arms. 
The computer interfaces the translated motion of the 
surgeon’s hands to a digital code that moves mechanical 
levers, motors, and cables that allow the robot to articu-
late the exact motions of the surgeon’s hand.

The ZEUS Surgical System (see Fig. 87-3) is another 
example of a master-slave telemanipulator. It uses the 
assistance of the AESOP Robotic System for visualization. 
The system is basically one mechanical arm used by the 
physician to position the endoscope, which is a surgical 
camera inserted into the patient. Foot pedals or voice-
activated software allow the physician to position the 
camera, leaving his or her hands free to continue operat-
ing on the patient. The manipulators of the ZEUS system 
are freely mounted on the operating table, similar to the 
AESOP. It provides tremor filtering and motion scaling 
from 2:1 to 10:1.

An obstacle that still needs research is tactile sens-
ing. The feedback that the robot offers for the surgeon’s 
applied force is inferior. The robot offers some sensa-
tion, but the applied force does not correlate well with 
the force applied to the tissues. This correlation varies 
with the type of instrument and depends on the torque 
applied; the operator must rely on visual cues from tis-
sue distortion to gauge how much pressure is being 
generated.
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Figure 87-6. The da Vinci Robotic Surgical 
System. A, Virtual three-dimensional stereo-
scopic image of the surgical field. B, Master 
controls that translate the surgeon’s hand, 
wrist, and finger movement into real-time 
movements of surgical instruments inside 
the patient. (Courtesy Intuitive Surgical, 
Sunnyvale, Calif.)
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Figure 87-7. The da Vinci Robotic Surgical System: patient-side cart. 
(Courtesy Intuitive Surgical, Sunnyvale, Calif.)
CARDIAC SURGERY (ALSO SEE  
CHAPTER 67)

Application of conventional endoscopic instruments has 
paved the way for several cardiac procedures to be per-
formed with robotic assistance. Internal mammary artery 
harvesting was successfully performed thoracoscopically 
in 1997 by Nataf.13 In 1998, Loulmet and colleagues14 
reported the first totally endoscopic coronary artery 
bypass surgery. Cardiothoracic applications of roboti-
cally assisted surgery have expanded and include atrial 
septal defect closures,15-17 mitral valve repairs,18 patent 
ductus arteriosus ligations,19 totally endoscopic coronary 
artery bypass grafting,20,21 minimally invasive atrial fibril-
lation surgery,22,23 and left ventricular pacemaker lead 
placement.24 Although technical advances in minimally 
invasive surgery have introduced techniques that are 
performed through very small ports and may eventually 
make surgical sternotomy obsolete, surgeons still must be 
trained and prepared to convert to an open sternotomy if 
the need arises.
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Figure 87-8. Operating room 
schematic of the use of a robotic 
surgical system in general sur-
gery. (Courtesy Intuitive Surgical, 
Sunnyvale, Calif.)
Figure 87-9. The EndoWrist instrument of the da Vinci Robotic Sur-
gical System mimics the natural kinematics of the surgeon’s hand and 
wrist. This design allows degrees of freedom. (Courtesy Intuitive Surgi-
cal, Sunnyvale, Calif.)
Anesthesiologists need to acquire familiarity with and 
expertise in cardiac and thoracic anesthesia, as both organ 
systems need to be managed safely. The ability to perform 
and maintain one-lung ventilation is mandatory, as is 
the management of associated physiologic changes (Box 
87-1). Preoperative assessment of lung function is indi-
cated if a patient has significant lung disease. Poor pul-
monary function test results or pulmonary hypertension 
may be contraindications to robotically assisted cardiac 
surgery because one-lung ventilation may be poorly tol-
erated. Robotic surgery may require unprecedented, pro-
longed, one-lung ventilation, which may challenge the 
extent of our understanding of respiratory physiology. 
Continuous monitoring of cardiac function with trans-
esophageal echocardiography (TEE) is the standard of 
care and is used for several procedures required for safer 
robotically assisted surgery.

 1.  Use FiO2 = 1.0.
 2.  Begin one-lung ventilation with pressure control ventilation, 

maintaining a plateau pressure of <30 cm H2O.
 3.  Adjust respiratory rate so that Paco2 approaches 40 mm Hg.
 4.  Perform analysis of arterial blood gases periodically.
 5.  Apply continuous positive airway pressure to nonventilated 

lung.
 6.  Apply positive end-expiratory pressure to ventilated lung.

BOX 87-1 One-Lung Ventilation Strategy
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ADMINISTRATION OF CARDIOPULMONARY 
BYPASS

Robotic cardiac surgery may require placement of sev-
eral additional cannulae before administration of car-
diopulmonary bypass (CPB) (also see Chapter 67). 
Typically, the femoral vessels are accessed as cannula-
tion sites for CPB. Because of the potential for iatrogenic 
dissection or related injury during cannulation of these 
vessels, some centers advocate prior radiologic imaging 
to rule out severe atherosclerotic disease. Venous can-
nulation is usually accomplished with the percutaneous 
insertion of a 21-to 28-French (Fr) multiorifice cannula 
via the femoral vein under real-time TEE guidance. This 
cannula can be either one or two stage. The tip of the 
single-stage cannula is placed at the right atrial (RA)–
inferior vena cava (IVC) junction. The tip of the two-
stage cannula is placed in the superior vena cava (SVC). 
The choice of venous cannula can vary according to 
surgeon preference. Some surgeons place a two-stage 
venous cannula, whereas others prefer a single-stage 
IVC cannula and an additional percutaneous cannula in 
the SVC via the right internal jugular vein to empty the 
heart completely. Cannulation of SVC is accomplished 
with a percutaneous 15-to 18-Fr Biomedicus cannula 
(Medtronics, Minneapolis, Minn.) using the Seldinger 
technique. The tip of the SVC cannula is placed just 
before the RA-SVC junction. Some surgeons prefer an 
armored SVC neck cannula because of its resistance to 
occlusion or kinking by the long transthoracic aortic 
cross-clamp. At the time of insertion, the cannula is 
typically flushed with 5000 units of heparin to ensure its 
patency, or a dilute heparin solution can be infused into 
the cannula through a microdrip set. A midesophageal, 
bicaval view on the TEE may be helpful for guidance in 
positioning of both SVC and IVC cannulae (Fig. 87-10). 
An alternative to the SVC cannula may be to float a 9-Fr 
balloon-tipped catheter into the main pulmonary artery 
via a right internal jugular introducer. This pulmonary 
artery venting cannula has a much smaller diameter 
compared with the SVC cannula and allows passive 
venting of the pulmonary artery at approximately 50 
mL/min.25 Venous drainage is facilitated with either 
vacuum or kinetic assistance.25,26 Typically a 17-to 
21-Fr catheter is placed in the femoral artery for arterial 
cannulation. To prevent retrograde aortic dissection, 
the guide wire should be visualized on TEE imaging in 
the descending aorta before placement of the arterial  
cannula.

For myocardial protection, cardioplegia can be admin-
istered by antegrade and retrograde delivery routes. After 
ensuring a competent aortic valve on TEE, a Heartport 
Straight-shot (Heartport, Redwood City, Calif.) ante-
grade cardioplegia catheter can be placed into the proxi-
mal ascending aorta directly through a right chest wall 
stab incision. A long-shafted aortic cross-clamp can 
then be placed distal to the cardioplegia catheter via 
another stab incision. Alternatively, a 100-cm, 10.5-Fr  
catheter (EndoClamp; Edwards Lifesciences, Irvine, 
Calif.) with a distal balloon can be advanced into the 
ascending aorta via a femoral introducer sheath. The 
balloon, when inflated, functions as an endovascular 
cross-clamp, whereas the lumen opening at the tip is 
used to deliver antegrade cardioplegia. It is of utmost 
importance to maintain accurate positioning of the bal-
loon of this catheter in the ascending aorta to avoid 
inadvertent migration and occlusion of coronary cir-
culation or innominate artery obstruction. This can be 
ensured by simultaneously monitoring arterial pressures 
in bilateral radial artery catheters, and by visualizing the 
position of the endoballoon in real time on TEE. 25 In 
patients with significant aortic insufficiency or severe 
coronary artery disease, a retrograde cardioplegia cath-
eter may be placed. A percutaneously placed retrograde 
cardioplegia catheter can be positioned in the coronary 
sinus via the right internal jugular vein under TEE guid-
ance. It is positioned by rotating (torquing) the catheter 
under TEE guidance. The proximal coronary sinus can be 
imaged in midesophageal four-chamber view by advanc-
ing and retroflexing the TEE probe. The catheter and the 
coronary sinus can also be visualized in midesophageal 
two-chamber view. On correct placement of the cath-
eter, inflation of the coronary sinus balloon changes the 
RA trace to right ventricular trace. Because these cathe-
ters are not heparin coated, 5000 units of heparin should 
be given intravenously to the patient before placement 
of this catheter.
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Figure 87-10. A, Ultrasound image of the superior vena cava 
 cannula. B, Ultrasound image, bicaval view, depicting the inferior 
vena cava containing a J guide wire. Both views are helpful in correctly 
placing cardiopulmonary bypass venous cannulas.
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MITRAL VALVE SURGERY

In 1997, two independent groups reported the first robot-
ically assisted mitral valve repair.27,28 In November 2002, 
the FDA approved the use of robot-assisted surgery for 
performing mitral valve repair. Minimally invasive mitral 
valve repair, initially done through minithoracotomy 
incisions, could now be performed with a closed chest; 
however, mitral valve replacements required a small tho-
racotomy to introduce the new prosthetic valve.

The monitoring requirements and the plan for induc-
tion of anesthesia for robotic mitral valve surgery are 
similar to the open procedure. In addition, bilateral radial 
artery catheters can be placed to monitor inadvertent 
innominate artery obstruction by the endoclamp cath-
eter. The plan for induction of anesthesia is similar to 
that of the open procedure.29 After the induction of anes-
thesia, one-lung ventilation is achieved with the use of a 
double-lumen endotracheal tube, or a single-lumen endo-
tracheal tube with a bronchial blocker. Proper tube posi-
tion is confirmed with fiberoptic bronchoscopy. A TEE 
probe is inserted to assess heart and valve function and to 
guide the placement of a pulmonary artery catheter and 
other cannulae for CPB. Transcutaneous defibrillation 
and pacing pads are also applied. Specialized cannulae 
are placed for the conduction of CPB and cardioplegia as 
described in the previous section.

The patients are positioned in a modified left lateral 
position with the right shoulder tilted approximately 30 
degrees to the left, with the arm being positioned along 
the right side. The pelvis is kept relatively flat to facili-
tate femoral cannulation. Attention should be directed 
to ensuring that undue tension is not placed on the bra-
chial plexus. The right femoral vessels are exposed, and 
left-sided single-lung ventilation is established. The sur-
geon then determines the proper location for port access, 
which can vary according to a patient’s body habitus. 
After docking the surgical cart, it is imperative to prevent 
the patient from moving, to prevent any organ injury 
from the rigid trocars and the instruments. Robot-assisted 
mitral valve repair is usually accomplished with a 2- to 
3-cm right inframammary incision in either the fourth or 
fifth intercostal space, which provides an excellent view 
of the leaflets and the annulus.30 Trocars are inserted 
around this incision for the placement of robotic arms. 
After administering heparin according to an activated 
clotting time-guided protocol, the femoral vein and artery 
are cannulated as described in the previous section. After 
initiating cardiopulmonary bypass, the ascending aorta 
is cross-clamped with either the endoclamp or a trans-
thoracic aortic cross-clamp that is passed percutaneously 
through the right axilla. The robotic arms are engaged 
through their respective trocars lateral to the minitho-
racotomy incision, while the camera arm passes directly 
through the thoracotomy incision.

Before terminating cardiopulmonary bypass, TEE is 
used to evaluate the function of the mitral valve, to assess 
residual valvular regurgitation, and to confirm the disap-
pearance of intracardiac air (see Chapter 46). The anterior 
leaflet of the mitral valve is inspected further for systolic 
anterior motion. At the end of the procedure, the double-
lumen endotracheal tube is changed to a single-lumen 
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endotracheal tube over a tube changer. Patient selection 
is important for optimal results (see Chapter 66). Box 87-2 
lists the risk factors that make patients unsuitable candi-
dates for robotic mitral valve surgery.31

No data are present on the difference in outcomes in 
patients with higher body mass index (BMI) undergoing 
this procedure. The increases in equipment and intraop-
erative costs are offset by postoperative quality of life and 
early return to work. 32

ATRIAL SEPTAL DEFECT REPAIR

Operations for atrial septal defects are similar to those for 
mitral valve repairs except that a minithoracotomy is not 
required.15 A closed-chest procedure is possible. Similar to 
all robotic procedures that demand entrance into the tho-
racic cavity, single-lung ventilation must be instituted dur-
ing surgery. Atrial septal defect repairs also require opening 
the heart and preventing any blood from entering the 
heart; this is facilitated by jugular and femoral vein can-
nulation and snaring the inferior vena cava and SVC (see 
also Chapter 67). Cardiopulmonary bypass with cardiople-
gia administration into the aortic root is used to arrest the 
heart. Methods of cardiopulmonary bypass using endovas-
cular clamping are described in the previous section.

No data are present on the difference in outcomes in 
patients with higher BMI who are undergoing this pro-
cedure. Cost effectiveness data on patients undergoing 
atrial septal defect repair are also not available.

INTERNAL MAMMARY ARTERY HARVEST

After induction of anesthesia, single-lung ventilation 
with a double-lumen tube, a Univent tube, or a bronchial 
blocker is instituted. The position of the tube is confirmed 
by bronchoscopy. The patient is positioned in a 30-degree 
right lateral position. External defibrillation and pacing 
pads are applied to the left posterior chest and anterolat-
eral right chest. Raising the left arm provides more expo-
sure and stretches the skin overlying the left anterolateral 
chest. The opposite can be done to the right chest when 
harvesting only the right internal mammary artery.

CO2 insufflation, between 5 and 10 mm Hg, is needed 
to provide exposure by pushing the mediastinal fat pad 
medially and enlarging the space between the sternum 
and heart to provide a better view. For harvesting both 
internal mammary arteries, insufflation of the left hemi-
thorax is sufficient to expose the right internal mammary 
artery because of the leftward position of the heart33 and 
to improve the angle of sight. Insufflation is begun in 
increments of 2 to 4 mm Hg. The insufflation flow rate is 

 •  Severely calcified mitral annulus
 •  Severe pulmonary hypertension
 •  Ischemic heart disease
 •  Surgery requiring multiple valve repairs
 •  Previous surgery to right hemithorax
 •  Severe aortic and peripheral atherosclerosis

BOX 87-2 Exclusion Criteria for Robotically 
Assisted Mitral Valve Repairs
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adjusted automatically to achieve a preset intrathoracic 
pressure limit. Caution should be exercised when insufflat-
ing the thorax in patients who have poor left  ventricular 
function or are hypovolemic (central venous pressure  
< 5 mm Hg).

Patients should have their intravascular volume sta-
tus increased before proceeding to full insufflation. CO2 
insufflation and one-lung ventilation increase central 
venous pressure and pulmonary artery pressure by a small 
amount.34 Bilateral pneumothoraces are deliberately pro-
duced when doing bilateral internal mammary artery 
harvest. Most patients studied tolerate small bilateral 
pneumothoraces for short duration.35

CORONARY ARTERY BYPASS GRAFTING 
(also see Chapter 67)

Robotically-assisted total endoscopic coronary artery 
bypass graft surgery (also see Chapter 67) has been found 
to be safe and effective with angiographic patency data 
comparable to the open procedure.21 The major exclu-
sion criteria for robotic coronary artery bypass grafting 
are listed in Box 87-3.21

Patients are prepared and monitored for anesthesia 
in a manner similar to that for mitral valve surgery (dis-
cussed under Mitral Valve Surgery). TEE is used routinely 
as the standard of care for determining cardiac function 
and for confirming catheter placement. Pulmonary artery 
catheters are used judiciously in the appropriate patient 
population. The patient is positioned the same as for 
internal mammary artery takedown, and trocar positions 
are placed as depicted in Figure 87-11.

When cardiopulmonary bypass is anticipated, the left 
femoral artery is cannulated with a 17- or 21-Fr remote 
access perfusion catheter (Fig. 87-12) with an aortic occlu-
sion balloon. Box 87-4 lists exclusion criteria for endo-
vascular cardiopulmonary bypass. The remote access 
perfusion catheter allows anterograde flow of 4  or 5 L/min.  
The cannula has a separate lumen for delivering car-
dioplegia to the aortic root beyond the occlusion of the 

 •  Contraindication to one-lung ventilation
 •  Ejection fraction < 30% or decompensated heart failure (NYHA 

class III or IV)
 •  Moderate to severe aortic and mitral valve disease
 •  MI in preceding 30 days or MI requiring emergent CABG or 

postinfarction angina
 •  Calcified or intramyocardial LAD artery or diffuse LAD artery 

disease
 •  Large heart within left chest
 •  Morbid obesity (BMI > 35 kg/m2)
 •  Severe peripheral vascular disease
 •  Severe noncardiac health issues
 •  Previous thoracic surgery, pleural adhesions, or radiation 

therapy of mediastinum or thorax

BOX 87-3 Exclusion Criteria for Robotically 
Assisted Endoscopic Coronary Artery Bypass 
Grafting

BMI, Body mass index; CABG, coronary artery bypass graft; LAD, left 
anterior descending; MI, myocardial infarction; NYHA, New York Heart 
Association.
balloon. The aortic cannula is positioned in the ascend-
ing aorta, 2 cm above the aortic valve, with TEE guidance 
(Fig. 87-13). The endovascular balloon is inflated with a 
volume equal to the diameter (in milliliters) of the sino-
tubular junction of the aorta. A balloon pressure greater 
than 300 mm Hg usually provides complete occlusion of 
the aorta.36 Residual flow around the balloon can be seen 
and monitored with color flow on TEE. The use of bilat-
eral radial arterial lines is useful in detecting the migration 
of the occlusion balloon toward the innominate artery. 
Proximal migration of the balloon can be seen most eas-
ily with TEE, preventing balloon herniation through the 
aortic valve.

After full cannulation and being poised for cardio-
pulmonary bypass, the right lung is allowed to col-
lapse, and left lung ventilation is begun. The ventilator 
is adjusted to provide an end-tidal CO2 partial pressure 
of 35 to 40 mm Hg. Ports can be placed safely after the 
right-sided pneumothorax has formed. CO2 is insufflated 
into the right hemithorax and continued at a pressure 
of 5 to 10 mm Hg; this allows the affected lung to col-
lapse further and provides a larger visual field. It also may 
prevent mediastinal shifts during one-lung ventilation 
when large tidal volumes are used, such as in a patient 
with emphysematous lungs. Insufflation to produce a 
deliberate pneumothorax is ineffective when the ster-
num is elevated above the anterior surface of the heart. 
For this reason, some surgeons provide sternal lift retrac-
tors to increase the retrosternal space and provide bet-
ter exposure.37 Articulating stabilizers passed through a 
subxiphoid port can stabilize the anterior surface of the 
heart to facilitate grafting.38 Ventricular function is eval-
uated with TEE before termination of cardiopulmonary 
bypass. At the end of the procedure, the double-lumen 
endotracheal tube is changed to a single-lumen endotra-
cheal tube over a tube exchanger. Robot-assisted, beat-
ing-heart coronary artery bypass grafting can be safely 
accomplished with appropriate patient selection. Obese 
patients (see Chapter 71) might benefit from total endo-
scopic coronary artery bypass graft surgery, as the robotic 
procedure does not increase the rate of intraoperative or 
postoperative complications when compared with the 
traditional procedure.39 Cost effectiveness data compar-
ing robotically assisted total endoscopic coronary artery 
bypass graft surgery with the traditional approach are not 
available.

ATRIAL FIBRILLATION SURGERY

Atrial fibrillation is a common rhythm disturbance 
encountered in clinical practice (see also Chapter 68). 
The Cox maze procedure is often the first choice to 
treat medically resistant atrial fibrillation. Excellent 
long-term results occur with this procedure.40 In this 
procedure, right and left atriotomies are combined 
with cryoablation to interrupt reentrant rhythms and 
to restore sinus rhythm. Traditionally, this procedure 
has involved median sternotomy and cardiopulmonary 
bypass. With the evolution of technology such as cryo-
therapy, microwave, and radiofrequency, new hand-
held devices have become available for use in minimally 
invasive surgery.
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Figure 87-11. Incision ports for coronary artery bypass grafting. Trocars are placed in the third, sixth, and eighth intercostal spaces. Similar port 
positions are used for bilateral internal mammary artery dissection.
Figure 87-12. Remote Access Perfusion (Estech Systems, Plano, Tex.) 
catheter. The endovascular catheter has a cylindrical balloon for endo-
vascular aortic clamping. The catheter provides anterograde perfusion 
of the aortic arch at a rate of 5 L/min and cardioplegia administration 
to the aortic root.
Many approaches have been used for minimally inva-
sive atrial fibrillation ablation surgery. The approach 
using the da Vinci system via right minithoracotomy with 
peripheral cannulation and cardiopulmonary bypass is 
the most commonly used approach.22 A total endoscopic 
approach on a beating heart also has been described.41 
Recently, a remote robotic navigation system (Sensei X; 
Hansen Medical, Mountain View, Calif.) has been devel-
oped for intracardiac catheter manipulation. In a small 
study, this system is equally effective while significantly 
reducing the overall fluoroscopy time when compared 
with manual catheter ablation.42

 •  Major vascular disease of iliac, femoral, and abdominal aorta 
found by Doppler ultrasound imaging

 •  Severe atherosclerosis
 •  Aortic diameter >4 cm
 •  Moderate to severe aortic valve incompetence

BOX 87-4 Contraindications to Use of 
Endovascular Cardiopulmonary Bypass System
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In patients undergoing total endoscopic approach, the 
procedure is performed without cardiopulmonary bypass 
on a beating heart with the patient in the supine position. 
In addition to the standard monitors, invasive arterial 
and central venous pressures are monitored. A pulmo-
nary artery catheter can be used in appropriate patients. 
After induction of anesthesia, the trachea is intubated 
with a double-lumen endotracheal tube, and its position 
is confirmed by a fiberoptic bronchoscope. A TEE probe 
is inserted to facilitate intraoperative cardiac monitoring 
and to rule out a clot in the left atrial appendage. External 
defibrillator pads are applied to the chest. After one-lung 
(left) ventilation is instituted, the right lung is collapsed, 
and the right hemithorax is insufflated with CO2. Three, 
1-cm port access incisions are made at the level of the 
third, fourth, and fifth intercostal spaces on the anterior 
axillary line for the robotic arms and the endoscope. The 
heart is then exposed after dissecting the pericardium 
and, using a microwave probe (Flex10; Boston Scientific, 
Natick, Mass.), a continuous circular lesion is produced 
encircling the pulmonary veins. Arrhythmias in the early 
postoperative period are treated with amiodarone and 
β-adrenergic blocker therapy.41,43

Outcome data in patients with a higher BMI are not 
available for this procedure. Cost effectiveness data on 
patients undergoing robotic atrial fibrillation surgery are 
also not available.

LEFT VENTRICULAR LEAD PLACEMENT

Some surgical groups have developed a total endoscopic 
robotic approach that involves the placement of right 
atrial and ventricular leads via standard transvenous 
approach, and the placement of left ventricular lead via 
small incisions in the left hemithorax.44-46 The robotic 
approach was developed because of the high rate of imme-
diate failure and late failure associated with the standard 

Figure 87-13. Ultrasound image of Remote Access Perfusion (Estech 
Systems, Plano, Tex.) catheter balloon in situ. Transesophageal echo-
cardiography allows the anesthesiologist to keep track of the migra-
tion of the catheter balloon. The balloon should be positioned in the 
ascending aorta 2 to 4 cm distal to the aortic valve. Right radial pres-
sure catheter signal damping can detect balloon malposition when 
occlusion of the innominate artery occurs.
approach to left ventricular lead placement.24 In patients 
undergoing the total endoscopic robotic approach, gen-
eral anesthesia is induced after application of standard 
monitors and insertion of an arterial line. After induc-
tion of general anesthesia, the trachea is intubated with 
double-lumen endotracheal tube. The position of the 
endotracheal tube is verified with a fiberoptic broncho-
scope. Subsequently, a TEE probe and a pulmonary artery 
catheter are inserted. The patient is placed in a postero-
lateral thoracotomy position. One-lung (right) ventila-
tion is instituted. The left lung is excluded, and the left 
hemithorax is insufflated with CO2 at a pressure of 8 to 
10 mm Hg.

Robotic arms are inserted by incisions in the fifth 
and ninth intercostal spaces in the posterior axillary 
line, and the camera is inserted in the seventh inter-
costal space. The pacing lead is introduced through a 
working port and attached between the first and sec-
ond obtuse marginal between the base and the apex. A 
second pacing lead is attached near the second obtuse 
marginal, and the pericardium is closed over the leads. 
Both leads are tunneled to an incision in the axilla and 
retested for threshold pacing requirements. The lead 
with the best threshold is connected to the pacemaker, 
whereas the other lead is capped and secured to the fas-
cia for future use. If a right-sided pacing lead is needed, 
it is inserted transvenously at this time and connected 
to the biventricular pacemaker. This approach allows 
for reliable entry into the chest for left ventricular lead 
insertion, while allowing complete cardiac access for 
mapping.

No data are present on the difference in outcomes in 
patients with higher BMI undergoing this procedure. Cost 
effectiveness data on patients undergoing left ventricular 
lead placement surgery are also not available.

ROBOTIC-ASSISTED THORACOSCOPIC 
SURGERY

Although video-assisted thoracoscopic surgery (VATS) is 
well established, its use is limited to simple procedures. 
Few centers perform complex procedures such as pulmo-
nary lobectomies and thymectomies using VATS.47 Per-
haps robotic surgery will be able to overcome some of the 
limitations of conventional VATS (see also Chapter 66).

Compared with minimally invasive surgery performed 
in other regions of the body, robotic-assisted thoraco-
scopic surgery (RATS) presents different challenges. The 
surgical challenges include rigidity of the chest wall and 
movement of heart, lungs, and mediastinum. The anes-
thesia-related challenges include prolonged one-lung 
ventilation and hemodynamic instability associated with 
CO2 insufflation of the hemithorax.

Patient positioning plays a major role in exposing oth-
erwise inaccessible areas, because mediastinal structures 
are heavy and mobile and change position in response 
to gravity (see also Chapter 41). Supine or slight lateral 
decubitus (raising one side 15 to 30 degrees) position is 
ideal for anterior mediastinum pathology. A 90-degree 
lateral position may be optimal for hilar masses and 
lobectomies. A nearly prone position can create better 
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exposure for posterior mediastinal masses.48 CO2 insuf-
flation also has a big role in achieving adequate expo-
sure by pushing the mediastinum to the opposite site, 
while compressing the lung away from the operative 
site. It also reduces fogging and removes cautery smoke. 
The disadvantage of CO2 insufflation is hemodynamic 
instability.

As the use of robotics in surgery has increased, its role 
in thoracic surgery has evolved over the last few years. 
The procedures being performed include multiple esoph-
ageal procedures, including Heller myotomy, resection of 
esophageal masses,49 and esophagectomy.50 Other proce-
dures being performed include lobectomies,51 resection 
of mediastinal masses, and thymectomy.47

Whether outcomes are improved in patients with 
higher BMI undergoing this procedure is not known.  
RATS costs significantly more than VATS with simi-
lar complication rates; cost-effectiveness data are not 
available.52

UROLOGIC SURGERY

The first use of robotics in urology began in the late 
1980s, when a robotic frame was developed for trans-
urethral resection of the prostate (see Chapter 72). The 
frame was constructed to support the six-axes Unimate 
Puma robot (initially designed by Unimation, Danbury, 
Conn.). The safety of this device was derived from the 
steel circular frame that restricted and confined the 
robot to a precise arc of resection. Procedures could be 
performed more rapidly with a robotic instrument, and 
because hemostasis was required only once at the end 
of the procedure, there was less time for absorption of 
irrigation fluid. The Puma robot has been used to resect 
prostate tissue safely.53

The percutaneous access robot (PAKY-RCM; URobot-
ics, Baltimore, Md.) was developed in 1996, and was 
later replaced by Tracker in 2003. This robot is used with 
fluoroscopy or CT guidance to improve the accuracy of 
needle placement in percutaneous nephrolithotomy and 
tissue biopsy. The AESOP system (discussed earlier) also 
has been used successfully in laparoscopic urologic sur-
gery. The most advanced systems currently being used in 
urology are master–slave systems, such as the da Vinci 
Robotic Surgical System. The procedures that have been 
performed using da Vinci systems include radical pros-
tatectomy,54 radical cystectomy,55 radical and simple 
nephrectomy, live donor nephrectomy, pyeloplasty, and 
adrenalectomy.56

ROBOTICALLY ASSISTED RADICAL 
PROSTATECTOMY

Guillonneau and Vallancien57 were the first to show the 
feasibility and efficacy of laparoscopic radical prosta-
tectomy. Since then, robotically assisted radical prosta-
tectomy (RAPR) has become one of the most common 
procedures to be performed with robotic assistance. In 
2011, more than 113,000 procedures were performed 
worldwide.10 The learning curve seems to be much shorter 
with RAPR compared with the laparoscopic approach.
The most common technique used for RAPR seems to 
be the transperitoneal and antegrade approach, devel-
oped by Ficarra and colleagues54 at the Vatikutti Institute 
of Urology (Detroit, Mich.). Outcome data, such as the 
transfusion rate, urinary continence recovery, erectile 
function, and oncologic outcomes with RAPR, compare 
favorably with those for laparoscopic or traditional ret-
ropubic approaches.58-61 The operating times also can be 
similar to the traditional retropubic technique after the 
operator has learned the technique.

The plan for anesthetic induction for RAPR is similar 
to that of the open procedure. After inducing anesthesia, 
an arterial line can be inserted for blood pressure moni-
toring and frequent phlebotomy. Two large-bore intrave-
nous lines should be considered when the potential for 
large blood loss is foreseen. Anesthesia can be maintained 
with a volatile anesthetic. Neuromuscular blockade is par-
amount in avoiding any movements by the patient while 
the surgical instruments are within the abdominal cavity. 
After placing the patient in the lithotomy position, pneu-
moperitoneum is created through an umbilical puncture 
needle, and the maximum pressure is set to 15 mm Hg. 
The trocar is inserted according to the standardized Hei-
lbronn approach using a semilunar five-trocar arrange-
ment, with a sixth in the suprapubic area.62 A procedure 
with some modification of the Montsouris technique 
is used.63 The patient is placed in steep Trendelenburg 
position to improve visualization in the surgical field. 
Because of the potential for long operative times, careful 
attention should be paid to patient positioning to pre-
vent neuropathies (also see Chapter 41). Silicone gel pads 
should be placed at every pressure point. Some surgeons 
advocate tucking the patient’s arms while the patient is 
awake to maintain optimal comfort and avoidance of 
neurapraxia.63 Injury to the common peroneal nerve is 
one of the most common complications of lithotomy 
position. Other nerves at risk during lithotomy include 
the femoral, obturator, and sciatic nerves. Patients placed 
in an exaggerated Trendelenburg position are also at risk 
of developing brachial plexus neuropathies.64 The effect 
of pneumoperitoneum can be attributed to increased 
intraabdominal pressure and hypercarbia. Some anesthe-
siologists use pressure-controlled ventilation to improve 
respiratory mechanics. In a small study of patients under-
going RAPR, pressure-controlled ventilation demon-
strated no advantage over volume- controlled ventilation 
regarding respiratory mechanics or hemodynamic vari-
ables, except greater dynamic compliance and lower peak 
airway pressure. 65 Venous air embolism can occur in this 
procedure when the insufflation pressure exceeds venous 
pressure during the setting of a vascular injury. The inci-
dence of venous air pressure is lower in RAPR when com-
pared with an open procedure.66 Steep Trendelenburg 
position and pneumoperitoneum can result in increased 
intracranial pressure. Despite increased intracranial pres-
sure, cerebral perfusion pressure is usually maintained 
because of simultaneous increase of mean arterial pres-
sure and central venous pressure.67 Prolonged steep Tren-
delenburg position may be relatively contraindicated in 
patients with a history of stroke or cerebral aneurysm. 
Ophthalmologic injuries such as permanent vision loss, 
vision defects, and retinal tear have been reported after 
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RAPR.64 The exact mechanism of ophthalmologic injuries 
is unknown. Some physicians, however, advocate for the 
use of an orogastric tube and lubrication of the eyes and 
closure of eyelids with tape or goggles to minimize the 
potential for gastric content causing eye contamination 
in the steep Trendelenburg position.

Urine output cannot be used as a measure of intravas-
cular volume status because the bladder is opened during 
the procedure and the urine drains into the operative field. 
This can lead to overestimation of blood loss by mixing 
of urine and blood. Some institutions limit intraopera-
tive intravenous fluids to reduce edema of the head and 
neck from positioning and to improve visualization in the 
operative field by reducing urine output. An endotracheal 
tube cuff-leak test is recommended before tracheal extu-
bation in patients that have been subjected to prolonged, 
steep Trendelenburg position, because this position can 
result in airway edema and postoperative airway distress 
in some patients.68 RAPR is associated with higher positive 
margin rate when compared with laparoscopic prostatec-
tomy in patients with higher BMI.69,70 Compared with 
laparoscopic prostatectomy, the higher cost of RAPR can 
be offset by the small gain in decreased risk of early harm 
and positive margin in high-volume medical centers.71

ROBOT-ASSISTED RADICAL CYSTECTOMY

Robot-assisted radical cystectomy (RARC) is an emerging 
alternative for treatment of invasive bladder cancer (see 
also Chapter 72). Using the six-port approach and the da 
Vinci system, pelvic lymphadenectomy and cystoprosta-
tectomy are performed. The specimen is removed in a 
bag through a 5- to 6-cm suprapubic incision. Through 
this incision, the bowel is exteriorized, and a neobladder 
is created extracorporeally. Subsequently, urethroneoves-
ical anastomosis is performed with robotic assistance.72 
RARC may have a less frequent rate of complications than 
in patients undergoing an open procedure.73,74 Long-
term oncologic results of RARC are still not available.73 
When the effect of complications is considered, RARC 
is more cost effective than open radical cystectomy; this 
effect is more pronounced in patients undergoing ileal 
conduit. 75

The difference in outcomes in patients with higher 
BMI undergoing this procedure is not known. Cost effec-
tiveness data for patients undergoing RARC are also not 
available.

GENERAL SURGERY

Robotic technology has defined itself in the field of gas-
trointestinal laparoscopic surgery.1 The first surgical 
operation using robotic telemanipulation was a laparo-
scopic cholecystectomy performed in 1997 in Brussels, 
Belgium.76 Robot-assisted surgical techniques permit the 
surgeon to provide the smallest possible incision and 
smallest surgical stress. This technology allows surgeons 
to work on a very small scale in cramped spaces. Virtu-
ally all gastrointestinal procedures have been performed 
safely by surgeons using this technology. Procedures 
most commonly performed include cholecystectomy, 
fundoplication, Heller myotomy, bariatric surgery, and 
colectomy.77

Robotic surgery overcomes some of the disadvantages 
of conventional laparoscopic procedures with three-
dimensional imaging, elimination of motion reversal, 
motion scaling, and filtering of resting tremors, while 
offering an ergonomically comfortable position. Other 
reported advantages of robotic surgery over laparoscopic 
surgery are less intraoperative blood loss,78 a short learn-
ing curve, superior imaging, and greater freedom of move-
ment.79 Robotic laparoscopic surgery also is associated 
with high patient satisfaction.80 As long-term outcome 
data on laparoscopic robotic surgery are lacking,78 the 
higher cost81,82 and longer operating time78 may prove to 
be a deterrent to some surgical programs.

ANESTHETIC CONSIDERATIONS

In the operating room, the usual monitors are used for 
the patient. Some clinicians advocate the placement of 
a second noninvasive cuff as an alternative should the 
first fail, when arms are “tucked” and not available for 
access during surgery. Bilateral peripheral intravenous 
access is valuable because the left upper extremity is not 
immediately available during the surgery. Anesthesia can 
be maintained with a volatile anesthetic. Neuromuscular 
blockade (see Chapter 34) is paramount in avoiding any 
movements by the patient while the surgical instruments 
are within the abdominal cavity. An orogastric tube and a 
urinary bladder catheter are placed. Eye lubricant and eye 
lid closure need to be assured. Convective-air body warm-
ers are applied whenever possible.

In the supine position, the patient is prepared and 
draped, and the abdominal cavity is insufflated with CO2 
to a pressure not to exceed 20 mm Hg. The trocar for the 
camera is placed manually. Incision ports for Nissen fun-
doplication and cholecystectomy are shown in Figures 
87-14 and 87-15. The side cart robot is brought very close 
to the patient’s head to engage the other trocars with visual 
guidance from the robotic camera. Because of the proxim-
ity of the side cart to the patient’s head, there is limited 
access to the patient’s airway and neck, and the head must 
be guarded against inadvertent collision with the robotic 
arms when moving.83,84 After the robot is engaged, the 
patient’s body position cannot be changed. The surgical 
team should be capable of rapidly disengaging the robotic 
device if an airway or anesthesia emergency arises. As with 
any laparoscopic procedure that requires a pneumoperito-
neum with CO2, ventilator adjustments may be required 
to normalize the exhaled CO2. Some surgeons argue that 
the benefit of invasive arterial monitoring does not out-
weigh the risks.84 This issue should be considered for each 
patient based on a risk–benefit analysis.

GYNECOLOGIC SURGERY

Robotic surgery in gynecology was first described in 
1999 for fallopian tubal anastomoses74,75 after steril-
ization or tubal ligation. Robotic techniques are being 
used to perform gynecologic procedures, such as sacral 
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colpopexy, myomectomy, treatment of endometriosis, 
simple and radical hysterectomy, salpingo-oopherec-
tomy, ovarian cystectomy, and repair of vesicovaginal 
fistula.76,77 In 2011, 146,000 hysterectomies were per-
formed worldwide.10 Despite the increasing popularity 
of robotic-assisted gynecologic surgery, there is little 
evidence to demonstrate lower incidence of complica-
tion when compared with open procedures.85-87 Robotic 
gynecologic surgery is associated with similar morbid-
ity, longer operative time, and higher cost when com-
pared with open procedures.82,86,87 The differences 
in outcomes in patients with higher BMI undergoing 
robotic gynecologic surgery are not known. Anesthesi-
ologists should consider the physiologic effects of steep 
Trendelenburg position and pneumoperitoneum when 
providing anesthesia for these procedures. 88
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Figure 87-14. Numbered incision ports for Nissen fundoplication 
and location of the robotic arms.
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Figure 87-15. Numbered incision ports for cholecystectomy and 
location of the robotic arms.
NEUROSURGERY

From the late 1980s to 1993, neurosurgeons investi-
gated the use of robots to position resection probes and 
devices precisely within neural parenchyma to provide 
minimally invasive surgery and to protect normal tis-
sue (see also Chapter 70). The da Vinci robot has been 
adapted to perform transnasal endoscopic skull base pro-
cedures, even though it was not designed for use in neu-
rosurgery.89 Robots such as NeuroMate (Renishaw plc, 
Gloucestershire, U.K.) have been developed to procure 
CT or MRI information to enable surgeons in performing 
accurate stereotactic procedures such as epilepsy surgery, 
performing biopsies, placement of ventricular reservoirs 
for chemotherapy, and placement of deep brain stimu-
lator leads. 90-93 CyberKnife (Accuray, Sunnyvale, Calif.) 
is an image-guided, frameless, stereotactic radiosurgery 
system for treatment of spinal tumors. A major poten-
tial benefit of radiosurgical treatment of spinal lesions is 
that this can be performed in an outpatient setting, with 
rapid recovery.94 The integration of various disciplines, 
such as robotics, machine intelligence, nanotechnology, 
and sophisticated computational networking, could revo-
lutionize the practice of neurosurgery in the twenty-first 
century.

No data are present regarding the difference in out-
comes in patients with higher BMI who are undergoing 
robotic neurosurgical procedures. Cost effectiveness data 
for robotic neurosurgery are not available.

ORTHOPEDIC SURGERY

The first medical application of robotics was in ortho-
pedic surgery. There are two main types of robotic sys-
tems being used in orthopedic surgery: autonomous and 
haptic (see also Chapter 79). In 1992, Paul,95 a veteri-
narian who worked in collaboration with International 
Business Machines (Armonk, N.Y.), developed a robotic 
system that could be used for hip replacement in dogs. 
The research collaboration resulted in the first surgical 
robot—ROBODOC (Integrated Surgical Systems, Davis, 
Calif.)—an autonomous robotic system. The earliest tri-
als with ROBODOC were performed on patients under-
going total hip replacement. The femoral implant was 
placed into an axial canal of the proximal shaft of the 
femur. This femoral canal was formed with higher pre-
cision by a robot compared to the manual method.95 
The robot obtained its visual or coordinate cues from 
image-based information, such as from an MRI image or 
CT scan, and titanium pins placed in the femoral con-
dyles and the greater trochanter. The robot recognized 
the three titanium registration pins and compared their 
location relative to the data obtained from CT. In this 
manner, the robot had a perfect sense of the position of 
the femur in three-dimensional space and could perform 
precise milling of the femoral canal. The remainder of 
the surgery proceeded manually. Autonomous robotic 
systems have fallen out of favor as they are associated 
with increased operating times and blood loss.96,97 These 
systems are also associated with an increased risk of 
litigation.98
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The Robotic Arm Interactive Orthopedic System (RIO; 
MAKO Surgical Corporation, Fort Lauderdale, Fla.) and 
Acrobot System (The Acrobot Company, London, U.K.) 
are examples of commercially available haptic robotic 
systems. These systems require active participation of the 
surgeon and use preoperative CT scans to create a three-
dimensional model of the knee. The surgeon uses this 
model preoperatively to plan the sizing and placement of 
components and intraoperatively to “merge” the preoper-
ative model with the actual anatomy of the knee. During 
the procedure the surgeon views the three-dimensional 
model of the knee on the monitor while manipulating 
the burr. The robotic arm provides auditory and haptic 
feedback, limiting the rotating burr to resect the bone 
within the preplanned cutting zone. Such haptic systems 
have a short learning curve and allow the surgeon to have 
greater precision.99,100

No data are present on the difference in outcomes in 
patients with higher BMI who are undergoing robotic 
orthopedic procedures. Robotic arthroplasty surgery has 
similar outcomes with significantly higher costs. 101

SUMMARY

The use of robots in surgery is likely to increase in the 
future because of enhanced precision, multiple degrees of 
freedom, tremor filtering, and the ability to fuse preop-
erative (CT and MRI) and intraoperative images to guide 
the surgeon.

Although robotic systems have improved a great deal 
in dexterity, technically, much needs to be done to realize 
the full potential of this surgery. Current areas of research 
include the development of sensory input, and the abil-
ity to relay touch sensation from the robotic instru-
ments to the surgeon. Some laboratories are also working 
to develop instruments for surgical anastomosis that 
requires no sutures. The possibility of automating some of 
these tasks in the operating room is another exciting and 
controversial idea. In the future, robots will be regarded 
less as mechanical devices and more as information sys-
tems. Robotic systems may also make long-distance con-
sultation and guidance possible by experienced surgeons. 
The latest innovation in robotics is that of image-guided 
surgery, in which a surgeon is able to see in real time the 
scanner images superimposed on the surgical field. The 
human anatomy will be rendered translucent, and the 
exact location of any vital structure will be clearly visible. 
Preoperative diagnostic imaging in combination with vir-
tual reality simulators will allow the surgeon to rehearse 
complex procedures in advance and to program the robot 
to avoid any vital structures during surgery.

Visualization systems are being developed that will 
improve surgery on mobile structures, such as the beating 
heart. Advances in motion gating technology will allow 
the heart to appear as if it were standing still. This will be 
done by properly timing a strobe light that is synchro-
nized with the heart rate to achieve the proper virtual 
image of the heart standing still.2

Anesthesiologists need to be aware of this fast-changing 
field and the effects on anesthetic techniques and deliv-
ery. Initially, robotically assisted procedures increased the 
duration of general anesthesia. As surgeons gain expertise 
with robotically assisted surgery, operative times decrease 
dramatically. As the size and cost of robotic systems 
decrease and potentially improved outcome data become 
available, robotic systems are likely to become less of a 
marketing tool and more a technological innovation to 
improve patient care. As with all innovations, we make 
progress with optimistic caution.
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Anesthesia for Laser Surgery
VICKI E. MODEST • PAUL H. ALFILLE

K e y  P o i n t s

 •  Lasers are characterized by wavelength, power, and duration of pulse.
 •  High-energy lasers (classification risk, Class 3 or 4) should be supervised by a laser 

safety officer.
 •  Laser energy can be transmitted at full strength at a distance from the source.
 •  Eyes are the most vulnerable organ.
 •  Laser goggles must be matched to the frequency of the wavelength and energy 

level.
 •  Airway fires are a significant risk when using lasers in or near the airway.
 •  High fraction of inspired oxygen concentration (FiO2) significantly increases the 

risk of airway fires.
 •  Nitrous oxide (N2O) is not a safe diluting gas for airway fire risk.

Acknowledgment: The editors and publisher would like to thank Dr. Ira J. Rampil for contributing a 
chapter on this topic to the prior editions of this work. It has served as the foundation for the current 
chapter.
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Laser is an acronym for light amplification by stimulated 
emission of radiation―a highly collimated beam of pho-
tons at a single frequency. Lasers are ubiquitous in the 
modern world and are increasingly used in the operating 
room (OR). Understanding the technology is important 
to safe anesthetic practice. Some of the same properties 
that make laser energy useful also make it a safety threat 
to both the patient and the staff.

Although any intense light source can cause biologic 
effects, lasers are unique in their precision. The critical 
features of laser light are the following:

 1.  Collimation―precisely aligned beam that can be seen 
on the moon

 2.  Coherence―light in phase
 3.  High-power density
 4.  Narrow spectrum of frequency
 5.  Can be pulsed for less than 10−11 seconds (femtosec-

ond range)
  

Lasers were first developed in the 1950s with a history 
of conflicting primacy claims and protracted patent bat-
tles somewhat akin to the discovery of anesthesia. Its use 
in surgery followed shortly thereafter, but the extent of 
the applications continues to progress rapidly.

PHYSICS OF LASER

The original observation that electromagnetic radiation 
occurred only in discrete amounts, called quanta, was 
made by Max Planck,1 for which the Nobel Prize was 
awarded in 1918. The energy of these quanta is propor-
tional to the frequency of radiation:

 E = hν  

where h is Planck’s constant (6.6 × 10−34 joule-seconds) 
and ν is the frequency.

Einstein’s work on the photoelectric effect2 (Nobel 
Prize, 1921) found that light was quantized (photons) 
and that transitions in electron energy states orbiting in 
an atom emit photons of characteristic frequencies. Cer-
tainly, the reverse is true―photons can raise electrons 
to higher energy states and can cause a current to flow. 
Because photon frequency (ν) and wavelength (λ) are 
related by the speed of light, c = νλ, Planck’s postulation 
can also be expressed as:

 E = ch/λ 

Thus photons at a higher frequency (or shorter wave-
length) have more energy.

Typical light sources such as the sun or an incandes-
cent light bulb produce a range of wavelengths. This 
spectrum can be separated by a prism or rainbow. The 
atoms in a heated gas, for instance, have a spectrum 
of energies based on Boltzmann statistics. The pho-
ton radiation pattern changes with the temperature 
or the radiation source (hence the difference between 
the color spectrum of an incandescent bulb and day-
light), but the pattern contains a range of frequencies  
(Fig. 88-1).
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The laser phenomenon requires a detailed look at 
electron-photon interaction. Electrons orbit in atoms in 
discrete energy levels called quantum states. They can be 
pushed to higher energy states by collision with photons 
but will eventually return to the lower state emitting a 
photon. Because only specific energy levels are permis-
sible, the emitted photon has only certain allowed energy 
levels and thus frequency. The phase and direction of 
photon emission is random in spontaneous energy tran-
sitions (Fig. 88-2). In the physical process of fluorescence, 
photons from higher energy light (or x-rays) cause excita-
tion of the fluorescent atoms to glow at their characteris-
tic frequency.

Lasers radiate not only in a narrow frequency but also 
with uniform phase and direction. Einstein proposed the 
phenomenon of stimulated emission based on theoretic 
arguments. Stimulated emission (as opposed to sponta-
neous emission) is a process during which an emitted 
photon triggers another excited state atom to emit at 
exactly the same phase and direction and energy level 
(Fig. 88-3).

Lasers are designed to amplify stimulated photon dis-
charge, causing more stimulation and photon release. 
Typically, the laser cavity is mirrored at each end to 
reflect the emitted photons to increase the population 
of stimulated photons and thus the signal (an opti-
cal resonator); hence, the full explanation of the laser 
acronym: light amplification by stimulated emission of 
radiation.

Some subtlety exists in ensuring that the stimula-
tion will be amplified. Stimulated photons have three 
possible fates: (1) escape as part of the working beam, 
(2) absorption by a nonexcited atom, or (3) stimu-
lating an excited atom to emit as well. For a laser to 
amplify the photon discharge, the population of 
excited atoms must be larger than those in the ground 
state― population inversion. An external photon source 
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Figure 88-1. Higher temperature objects radiate at a higher intensity 
and shorter wavelengths.
(another laser or a flash lamp) or possibly a chemical 
means can induce the excitation. In practice, more 
energy states are involved (three- or four-level lasers), 
depleting the absorbing ground state. Other means of 
removing nonexcited atoms are possible, such as chem-
ical dissociation (excimer laser) or gas separation.

TYPES OF LASERS

One method of categorizing the types of lasers is based 
on the physical process used. Even these broad categories 
have many nuances and are undergoing active develop-
ment (Fig. 88-4).

 •  Solid-state laser. The lasing material is solid crystal-
line, similar to the first ruby laser, or a synthetic gem 
crystal known as yttrium-aluminum-garnet (YAG)―not 
to be confused with solid-state electronics, which 
includes diode lasers.

 •  Gas laser. Carbon dioxide (CO2) and helium are 
common types. CO2 is a particularly efficient type 
and is used for industrial metal cutting, as well as for 
medical uses.

 •  Excimer laser. A pair of disparate gas molecules 
forms a dimer in the excited state. The gas pair 
is usually a noble gas, such as xenon or argon, 
and a reactive halide, such as bromine or fluorine. 
The gases are complexed only in the excited state 
(under pressure with electron discharge) and rapidly 
dissociate after emission, preserving population 
inversion (i.e., the condition of having enough high-
energy states distributed in a material that a chain-
reaction of stimulated emission can occur). Their 
spectrum is in the ultraviolet range. In medical use, 
they function more by ablating tissue than causing a 
burn.

 •  Dye laser. An organic dye is used as the laser medium. 
These lasers have a large variety of wavelengths and high 
power. The wide spectrum available allows matching 
specific pigments (for tattoo removal), hemoglobin 
absorption, and a variety of skin lesions. The dyes and 
suspension media are often carcinogens, so care must 
be used in handling them.

Figure 88-2. Spontaneous emission.
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Figure 88-3. Stimulated emission. The emitted photon has the same direction and frequency as the triggering photon.

Figure 88-4. Commercially available lasers by power and wavelength. Power is shown in the vertical axis. Distinct frequency lasers are shown 
above, and wavelength ranges are below. Blue, Dye lasers; green, solid-state and semiconductor lasers; red, gas and excimer lasers. (From Danh. 
Wikipedia Commons. <http://en.wikipedia.org/wiki/File:Commercial_laser_lines.svg> Accessed 11/22/2013.)
 •  Diode or semiconductor laser. A specially constructed 
semiconductor layer on a silicon substrate can lase 
when electron and holes combine. The excitation can be 
from an optical or electrical source. These are now the 
most common lasers made and are used in consumer 
electronics (e.g., laser pointers, CDs, and DVD players), 
as well as sensors, pointers, and communication 
devices.

LASER MODES AND SETTINGS

There are a few knobs that can be adjusted for laser 
treatment.

 1.  Timing mode―continuous wave (CW) or pulsed. The 
length of pulse varies with the physics of the generating 
system but can be shortened by physical or electrical 
means (i.e., mode-locked). Interest in ultrashort length 
pulses―femtoseconds―is increasing.
 2.  Energy level. Specified in watts for continuous, and 
joules for pulsed. Lasers are typically used in two 
modes: continuous and pulsed.

  

CW lasers are produced from photons continuously 
escaping the amplification chamber. Several methods 
can produce pulsed lasers: (1) by either mechanically 
or electrically changing the reflection properties of the 
amplification chamber walls; (2) by using an intermit-
tent pumping source to excite the lasing sequence, such 
as another pulsed laser or flash lamp; and (3) by mode 
locking, in which variations in phase are summed, caus-
ing interference patterns and allowing extremely short 
pulses.

BIOLOGIC EFFECT

Light has a biologic effect solely from absorption in tissue 
(Grotthus-Draper law), specifically by raising electrons 
to higher energy states that, in turn, can raise kinetic 

http://en.wikipedia.org/wiki/File:Commercial_laser_lines.svg
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energy (heat) or cause chemical reactions. Lasers have 
been applied to medicine since 1962.3 The current uses 
are widespread and evolving. Boulnois categorized the 
biologic effects into four types.4

 •  Electromechanical effects. A pulsed laser causes a 
shock wave and thus an actual mechanical impulse. 
One common application is in stone lithotripsy for 
ureteral calculi. Laser lithotripsy using holmium:YAG 
(Ho:YAG) is at least as effective as extracorporeal 
shock,5 and low-frequency high-power shocks are more 
effective in experimental models.

 •  Thermal effects. Similar to other surgical techniques 
(electrocautery from radiofrequency currents, harmonic 
scalpel), localized heat can cauterize and separate 
tissue, allowing bloodless incisions. Laser thermal 
effects differ little from other surgical sources6 except 
that they can be more finely focused with high-energy 
density and delivered via fiberoptic strands. Bolliger 
found that airway lesions were well managed by laser, 
electrocautery, or argon plasma coagulation.7 In some 
cases, laser coagulation may offer an advantage when 
laser frequencies that are absorbed by specific tissues 
such as the retina or hemangiomas are chosen. One 
treatment for port-wine stains involves pulse-dye tuned 
to hemoglobin, with surface dermal cooling to protect 
the surrounding tissue.8

 •  Photoablative effects. These effects come from 
the molecular disruption and ablation of tissue, with 
the resultant gases removing heat and protecting 
the surrounding tissue from thermal injury. 
Photoablative effects can be either at the microscopic 
level (femtosecond lasers for corneal surgery) or at a 
macroscopic level (photoselective vaporization of the 
prostate).9

 •  Photochemical effects. Photochemical effects are 
the newest area of interest and the least well proven 
mechanistically. Low-level laser therapy (LLLT) has 
been used in a wide variety of surgical and nonsurgical 
conditions. Various theories suggest that specific 
wavelengths can modify enzyme systems,10 change 
electron transport and tissue oxidation states,11 or be 
mediated via nitric oxide.12 Although ongoing research 
is required, it is suggested that neurologic injuries may 
be effectively treated with certain wavelengths.13

COMMON LASER OPERATIONS

Defining the full scope of applications for lasers in sur-
gery is difficult. In general, lasers are used for surface 
procedures and for endoscopic procedures during which 
the energy can be routed by fiberoptic bundles. Some 
of the more common laser surgical procedures are per-
formed in dermatology, dentistry, laryngology, and 
ophthalmology.

DERMATOLOGY

The use of lasers in dermatology, from removal of lesions 
to wound care, has been long established and quite 
extensive.14 Most procedures are office based, use topical 
analgesics, and do not involve anesthesiologists,15 except 
possibly with children.16

DENTISTRY

The use of lasers in dentistry involves treatments for the dis-
coloration of teeth, periodontal disease, and oral lesions.17

LARYNGOLOGY

The use of lasers in laryngology involves endoscopic resec-
tion of laryngeal cancers, either office based for smaller 
lesions18 or with rigid suspension microlaryngoscopy.19,20 
Precise coagulation of vascular lesions without damage of 
the phonatory surface is another common application. 
Additionally, lasers are used in resecting papillomatosis 
(also see Chapter 85).21

OPHTHALMOLOGY

Lasers are extensively used, including with glaucoma sur-
gery, during procedures in which very short pulses can 
target small cell clusters, for corneal shaping for vision 
correction,22 and in retinal surgery with wavelengths that 
are transparent to the cornea but absorbed by pigmented 
retinal cells. Corneal surgery can be performed either by 
surface ablation of stromal tissue (typically with short-
wavelength excimer lasers) or by creating subsurface flaps 
with femtosecond pulses at 1053 nm and allowing the 
microbubbles of plasma to separate tissue.23 Most ocular 
surgeries are performed with topical or retrobulbar nerve–
regional block and intravenously administered sedation. 
Low-level laser therapy can replace higher energy inter-
ventions in retinal disease (also see Chapter 84).24

RISKS OF LASER USE: STANDARDS AND 
REGULATIONS

SAFETY FRAMEWORK

Laser safety in the clinical setting is a multidisciplinary 
responsibility occurring at several organizational levels. 
Medical facilities are responsible for implementing safety 
programs and policies that adequately control the haz-
ards associated with laser use.

In the National Academy Sciences Institute of Medi-
cine report, “To Err is Human: Building a Safer Health 
System,” safety is defined as “freedom from accidental 
injury.”25 Further, the National Patient Safety Foundation 
(NPSF) emphasizes that safety is a function of a coordi-
nated effort that depends on interactions at many points 
and is not a result of an individual or a device.26 The pro-
vision of safe laser use in the OR requires a team approach 
with the establishment of safe practices enforced by coop-
erative input and vigilance from all providers present 
(also see Chapter 109).

REGULATORY AGENCIES

A number of agencies oversee laser regulations, espe-
cially regarding its use in health care. The International 
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Electrotechnical Commission (IEC) is the body of the 
main standards, especially for Europe, but U.S. standards 
closely follow them. The guidelines come from an interna-
tional technical committee (TC-76) with expert guidance 
from many organizations.27 The specific IEC technical 
report is IEC 60825-8, “Safety of Laser Products—Part 8: 
Guidelines for the Safe Use of Laser Beams on Humans.”28

Japanese guidelines are published by the Japanese 
Standards Association under JIS C 6802:2011, “Safety of 
Laser Products.”

In the United States, laser safety guidelines are created 
by the American National Standards Institute (ANSI). The 
current laser safety guidelines are ANSI Z136.1–2007,29 and 
the health care specific guidelines are ANSI Z136.3–2011.30 
Medical lasers are regulated by the U.S. Food and Drug 
Administration (FDA) under the Federal Food, Drug, and 
Cosmetic Act (FFDCA), Chapter V, Subchapter C―Elec-
tronic Product Radiation Control. The FDA publishes its 
standards (online) under Title 21, Chapter 1.J.1024.10.31 
The FDA regulations use the older class Roman numerals I 
through IV categories and include requirements for label-
ing and the need for various safety mechanisms.

Other than the FDA, no other mandatory federal 
agency standards or regulations specifically govern the 
safe clinical use of medical lasers, but accepted stan-
dards exists that facilities may voluntarily adopt and to 
which they may adhere. Several organizations focus on 
laser safety in general, including the FDA’s Center for 
Devices and Radiological Health (CDRH), ANSI, the Occu-
pational Safety and Health Administration (OSHA), and 
the nonprofit, Conference of Radiation Control Program 
Directors (CRCPD). Many states have regulations and 
guidelines as well. The FDA suggested a set of regulations 
in 1983 that have been adopted and modified by several 
states.32 The CRCPD is attempting to establish a “Model 
State” standard.33

OSHA is the main U.S. agency that enforces safety and 
health legislation in the workplace. At present, OSHA 
does not have a comprehensive laser safety standard, but 
this organization publishes a technical manual on laser 
hazards,34 endorses ANSI Z136.1–2007, and can issue 
citations attributable to the lack of compliance with 
other safety standards. The Joint Commission (TJC) (for-
merly the Joint Commission on Accreditation of Health-
care Organizations [JCAHO]) uses ANSI Z136.1–2007 
and ANSI Z136.3–2011 as its guidelines. Under these 
guidelines, medical facilities appoint a laser safety officer 
(LSO) who is formally trained to administer the overall 
institutional safety program, which includes monitoring 
and enforcing the control of laser hazards. Currently, 
data regarding the incidence of laser-related injuries to 
patients and workers are incomplete. However, some 
safeguards to encourage reporting of potential safety 
breaches are in place, including (1) requiring laser manu-
facturers to report unusual incidents or injuries, and (2) 
the Safe Medical Devices Act of 1990, which mandates 
that clinicians report all serious injuries incurred from 
the use of a medical device.

Professional society taskforces have consensus state-
ments that recommend how to prevent and manage 
OR hazards (also see Chapter 6). In 2008 and 2013, the 
American Society of Anesthesiologists (ASA) Task Force 
on Operating Room Fires issued practice advisories for 
the prevention and management of OR fires, with specific 
comments regarding lasers35 (also see Chapter 109).

Considering the inherent risk in the medical applica-
tion of lasers, state and federal safety guidelines and soci-
etal standards should be followed to ensure regulatory 
safety compliance, to provide a framework for identify-
ing and controlling the risks of laser use, and to develop 
effective safety educational and training programs to bet-
ter protect patients, employees, and property. Establish-
ing a safe and compliant medical laser program requires 
access to standards and training. The Laser Institute of 
America (LIA) is an independent professional body, allied 
with OSHA,36 that functions as secretariat of the ANSI 
standards. The LIA offers conferences and training mate-
rials and courses, including the certification for Certified 
Medical Laser Safety Officers.37

LASER RISK CLASSIFICATION

Lasers pose a safety risk to OR personnel. Because the 
beam is highly collimated, it can travel with minimal 
attenuation outside the intended surgical field either 
directly or by reflection. The likely biologic risk is for reti-
nal damage because the structure of the eye concentrates 
the beam and has pigments tuned to visible wavelengths. 
Thermal effects (i.e., skin burns) come from heating with 
long exposures and high intensity and depend on local 
tissue susceptibility.

The current classification for laser devices from the 
IEC 60825-1 standard is based on safety risk. Four clas-
sifications, some with modifiers, cover safety and warn-
ing features (Fig. 88-5), the required level of training, and 
controls.

 •  Class 1 lasers. Are safe under all normal uses, even with 
optical magnification, although a strong lens might 
sufficiently concentrate the energy to cause damage. 
Class 1M is a subcategory for diffuse beams that could 
be harmful when viewed under magnification but not 
under expected conditions.

 •  Class 2 lasers. Are safe because of the blink reflex, 
which limits exposure to under one fourth of a second. 
A typical example is a laser pointer. Class 2M is safe for 
the same reason, as long as magnifying optics are not 
used. Class 2 lasers are confined to the visible range 
(400 nm to 700 nm) with any nonvisible emissions 
only at Class 1 levels. Class 2 lasers could be hazardous 
to patients in whom the blink reflex is suppressed.

 •  Class 3 lasers. Are split into two groups on the basis 
of intensity. Class 3R lasers are within five times the 
acceptable emission limit of Class 2 in the visible range 
and five times Class 1 outside that range. Class 3B is 
above that level and is able to cause direct ocular injury. 
Viewing reflections off matte surfaces are safe for Class 3 
lasers.

 •  Class 4 lasers. Include high-powered lasers that 
can cause fire and injury even when viewing diffuse 
reflections.

  

Calculating actual exposure limits is complex. It 
depends on wavelength, intensity, duration, and type 
of injury (ocular versus thermal). Lasers used in medical 

http://en.wikipedia.org/wiki/International_electrotechnical_commission


facilities should have been classified by their manufac-
turer, unmodified, and properly maintained. As previ-
ously discussed, in the United States, medical lasers are 
regulated by the FDA under the FFDCA. Occupational 
exposure limits are set by OSHA, using guidelines from 
ANSI Z136.1–2007 for maximum permissible exposure 
(MPE) to the retina, based on wavelength and exposure 
time.

Many devices still in operation use the older classifica-
tion scheme (ANSI Z136.1 or IEC 825), as do U.S. safety 
regulations. These are Roman numerals I through IV and 
roughly correspond to the current classes as listed:

 •  Class I lasers. Are safe under all conditions. Have very 
low power, or the laser is completely contained (e.g., 
CD players).

 •  Class II lasers. Are safe because of the blink reflex. 
Visible range with blink keeps exposure levels under 
one fourth of a second. Up to 1 mW.

 •  Class IIa lasers. Are safe for up to 1000 seconds of 
continual viewing.

 •  Class IIIa lasers. Are dangerous if viewed for longer 
than 2 minutes. May not be safe under magnification. 
Up to 5 mW power.

 •  Class IIIb lasers. Even momentary exposure can cause 
retinal damage, although indirect reflections should be 
safe. Laser goggles should be worn. Up to 500 mW.

 •  Class IV lasers. Are greater than 500 mW. Can easily 
cause ocular injury or burns. Even reflections off a 
matte surface can cause injury.

  

The revised ANSI Z-136.1–2007 guidelines now 
use the IEC Class 1 through 4 categories. In the ANSI 
Z-136.1–2007 guidelines, Class 3B and Class 4 handling 
should include key control, remote interlock connector, 
activation warning system (audio warning), window pro-
tection, protective goggles, training, and supervision by 
a laser safety officer (Table 88-1).

SPECIFIC LASER HAZARDS

The same properties that give lasers their clinical value 
also pose threats to patient and provider safety. These risks 
fall into three categories: (1) atmospheric contamination, 
(2) gas embolism, and (3) inappropriate energy transfer.

LASER RADIATION
Figure 88-5. The International Electrotechnical Commission (IEC) 
laser warning label for Class 2 and higher.
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To place the relative safety risks in context, a review 
of laser safety databases for urologic procedures revealed 
that 46% of the reported incidents were machine prob-
lems (i.e., fiber breakage), followed by eye injuries, includ-
ing permanent blindness. Seven deaths occurred, three 
from ureteral perforation and four from gas embolism.38 
As expected in this surgical population, airway fires were 
not represented.

ATMOSPHERIC CONTAMINATION: 
LASER PLUME

Tissue destruction during surgical laser procedures pro-
duces a complex particulate aerosol and smoke plume. 
Research confirms that this plume can contain compounds 
and toxic gases such as polyaromatic hydrocarbons, 
hydrogen cyanide, formaldehyde, benzene, and cellular 
material (dead and alive).39,40 Fine particulates (mean size 
0.31 μm; range 0.1 to 0.8 μm) and combustion by-products 
are easily dispersed throughout the respiratory tract. Ani-
mal studies link inhalation of the laser plume with pul-
monary damage, which can lead to reduced mucociliary 
function, airway inflammation, interstitial pneumonia, 
bronchiolitis, and emphysema.41-43

The laser plume has in vitro mutagenic and teratogenic 
potentials. The mutagenic potential of the plume from a 
CO2 laser on 1 g of tissue is equivalent to inhaling the 
smoke from three unfiltered cigarettes. This toxic poten-
tial is one half of that produced by electrosurgical units 
but is considerably more than that produced by Nd:YAG 
contact probes.44

Although controversial, the laser plume has the 
potential to transmit viable microorganisms into the 
atmosphere.45-47 However, reviews have not found 
strong evidence of danger.48 Viral DNA has been 
detected in plume from human papilloma virus (HPV)49 
in condylomas and skin warts,50 but evidence for trans-
mission to humans is weak. On its web site, OSHA notes 
that “no documented transmission of infectious dis-
ease through surgical smoke” has been published (see 
OSHA web site statement regarding Laser/Electrosurgery 
Plume: https://www.osha.gov/SLTC/laserelectrosurgery
plume/). A recent review of the literature assessing the 
infectivity of HPV in the plume is contradictory and 
scanty.51 Inoculation of bovine papillomavirus (BPV) 
DNA from a surgical plume produced bovine fibropap-
illomas in three calves.52 Other studies showed plume 
particle viability but no infectivity in susceptible cell 
lines.53 Investigation into a laser surgeon’s develop-
ment of laryngeal papillomatosis, after laser treatment 
of a patient, revealed that the lesions in both the patient 
and the surgeon shared the same, albeit common, HPV 
serotypes.54 A recent case report detailed two cases of 
HPV-induced airway cancers in surgeons using exten-
sive lasering.55 The incidence of HPV infection in laser 
surgeons specializing in the treatment of papillomas 
and condylomas is comparable to the incidence in the 
general public.56 Human immunodeficiency virus (HIV) 
was not detected in electrosurgical smoke plume57 in 
one study, and only noninfectious DNA fragments were 
found in a CO2 laser plume from HIV-infected tissue 
pellets.58

https://www.osha.gov/SLTC/laserelectrosurgeryplume/
https://www.osha.gov/SLTC/laserelectrosurgeryplume/
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Smoke evacuators are 99% effective at eliminating the 
plume when situated within 1 centimeter of the target 
site.59 Accordingly, their use in the OR is strongly advised 
and supported by OSHA. The Centers for Disease Control 
and Prevention (CDC) states that surgical suction systems 
are not interchangeable with the preferred smoke evacu-
ator suction unit.60 In addition, using high-filtration 
masks that filter plume particulates down to 0.3 to 0.1 μm  
when dry is essential. Of note, viral particles are too small 
to be filtered reliably, and standard surgical masks filter 
particles as small as 3 μm.

EMBOLISM

The Nd:YAG laser system has been associated with 
venous gas embolism. Specifically, the gas coolant for the 
laser tip has been the responsible system element. Dur-
ing hysteroscopic surgery, while using an Nd:YAG laser, 
an accidental inflation of the uterine cavity by coolant 
resulted in deaths.61 A sheathed quartz fiber (with coaxial 
coolant gas running) produced a massive and fatal gas 
embolism in another case.62 Liquid (saline) coolant is a 
safer option during hysteroscopy, but fluid overload is 
possible.63 If a coolant gas must be used, then CO2 may 
be less harmful after embolization than nitrogen or air. 
Venous gas embolization has occurred at other sites, 
including tracheal tumor with an Nd:YAG laser,64,65 dur-
ing laparoscopic procedures,66 and during nasal surgery 
using a CO2 laser.67 Continuous airway CO2 monitoring 
may help with the detection of embolization. During 
laparoscopic surgery with CO2 insufflation, mechanical 
hyperventilation should be adjusted to compensate for 
intraabdominal CO2 absorption and cephalic displace-
ment of the diaphragm, and a watchful eye must be 
maintained for the potential development of subcutane-
ous emphysema.

ENERGY TRANSFER TO AN INAPPROPRIATE 
LOCATION

Currently, medical lasers can all transmit an unattenu-
ated and potentially destructive beam through air. If the 
TABLE 88-1 SAFETY RECOMMENDATIONS FOR OPERATING VARIOUS CLASSES OF LASERS

Classification

Requirements 
Subclause Class 1 Class 1M Class 2 Class 2M Class 3R 3B Class 4

Laser safety 
officer 10.1

Not required, but recommended for applications that involve direct 
viewing of the laser beam

Not required for visible 
emission, but required 
for nonvisible emission

Required

Remote 
interlock 
10.2

Not required Connect to room or 
door circuits

Key control 
10.3

Not required Remove key when 
not in use

Beam 
attenuator 
10.4

Not required When in use, 
prevents 
inadvertent 
exposure

Emission 
indicator 
device

Not required Indicates laser is 
energized for 
nonvisible wavelengths

Indicates laser is 
energized

Warning signs 
10.5

Not required Follow precautions 
on warning signs

Beam path 
10.6

Not required Class 1Ma as 
for Class 
3B

Not required Class 2Mb as 
for Class 3B

Terminate beam at end of useful length

Specular 
reflection 
10.7

No 
requirements

Class 1Ma as 
for Class 
3B

No 
requirements

Class 2Mb as 
for Class 3B

Prevent unintentional reflections

Eye protection 
10.8

No requirements Required if engineering and administrative 
procedures not practicable and MPE exceeded

Protective 
clothing 
10.9

No requirements Sometimes required Specific 
requirements

Training 10.10 No 
requirements

Class 1Ma as 
for Class 
3R

No 
requirements

Class 2Mb as 
for

Class 3R

Required for all operator and maintenance 
personnel

NOTE: This table is intended to provide a convenient summary of precautions. See text of this standard for complete precautions. From IEC 
60825-1:1993+A1:1997+A2:2001 Safety of laser products, p. 108.
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intended target is not accurately being sighted, then laser 
activation can result in injury to patients and OR person-
nel or damage to property. Laser ignition of any combus-
tible fuel (e.g., surgical drapes, plastic endotracheal tubes 
[ETTs], ointment on the skin) may also occur either by 
unintentional direct beam strike or by reflectance and 
scatter of the beam off of specular surfaces.

TISSUE AND VESSEL PERFORATION

Off-target laser energy may perforate a viscus68,69 or a 
blood vessel (if the vessel is too large to be cauterized: 
diameter >5 mm). Pneumothorax has been reported after 
a laser laryngeal procedure.70 Of note, with an Nd:YAG 
system, the depth of tissue injury may not be immediately 
apparent. Complications such as viscus, tissue plane, or 
vascular perforation (with resultant complications) may 
not occur until edema and necrosis have become maxi-
mal several days postoperatively.

EYE INJURY AND EYE PROTECTION

Laser light, because of its special qualities of beam col-
limation, coherence, and high-energy density, poses 
optical safety hazards not associated with light from 
conventional sources. The extent of damage is deter-
mined by the laser irradiance, exposure duration, and 
beam size. The site of laser-induced ocular damage 
depends on the output wavelength. Visible and near-
infrared light (400 to 1400 nm) can damage the retina. 
Argon, potassium titanyl phosphate (KTP):Nd:YAG, or 
ruby lasers are likely to focus on that structure with 
resultant rapid permanent damage to the retina.71 
Ultraviolet and far-infrared light is absorbed by the 
anterior structures. Infrared energy from a CO2 laser 
causes corneal and lens injury.72 With sufficiently pow-
ered lasers, permanent ocular damage can occur within 
a fraction of a second.

The blink reflex is too slow to guard against laser 
injury. Proper protective eyewear with side shields 
and appropriate filtering capabilities and optical den-
sity (specific for the type of laser to be used) are safety 
essentials for all present in the OR. The nonoperated 
eyes of patients should be taped closed and covered 
with saline-soaked opaque material or a metal shield.73 
CO2 lasers emit far-infrared frequencies that are unable 
to pass through any clear glass or plastic lenses. Regular  
eyeglasses, fitted with side shields, may be sufficient pro-
tection, but contact lenses are not. All other lasers emit 
energy that requires specific colored lenses. Nd:YAG 
lasers require green-tinted goggles (which can make skin 
color assessment and monitor reading difficult), or clear 
lenses (Nd:YAG Protection Glass; Surgical Laser Tech-
nologies, Malvern, PA), which have a special coating 
opaque to near infrared. Argon or krypton lasers require 
amber-orange lenses, and KTP:Nd:YAG lasers require a 
red filter. The wrong eyewear will not protect. All pro-
tective eyewear must be donned before entering the 
OR. Glass windows in the unit must be covered during 
the use of lasers, and cautionary warning signs should 
be posted as described in ANSI Z136.3–2011 (also see 
Chapter 84).
LASER GOGGLES

Laser goggles need to be matched to the frequency of 
the Class 3 or Class 4 wavelength and still allow suffi-
cient vision for safe medical care. In particular, it may be 
necessary to still see the weaker aiming beam at a differ-
ent wavelength. IEC 60285-8 suggests that remote video 
observation may be an alternative to protective eyewear, 
as long as no risk of fiber breakage or the inadvertent 
direct exposure occurs.

Laser goggles are typically labeled with the wavelength 
and attenuation in decibels (dB) or optical density (OD). An 
OD of 6 at 1064 nm for Nd:YAG will attenuate the trans-
mitted energy by 10-6. The required OD should be calcu-
lated that reduces the maximum accessible emission (MAE) 
or power to below the MPE. Unfortunately, the goggles 
themselves may not physically withstand the laser strike.74

EN-207 is a more stringent IEC standard75 that includes 
not only the degree of filtering but the resistance of the 
goggles to the laser itself, including reradiated energy. 
EN-207 markings include an L number that indicates the 
maximum power permitted (a logarithmic scale ranging 
from L1 through L10), and a DIRM modifier:

Marking Mode

D Continuous wave (cw)
I Long pulse > 1 μs
R Short pulse 1 ns to 1 μs
M Femtosecond < 1 ns

The power limits are presented in EN-207 and differ for 
mode of operation (DIRM shown in the table above) and 
the wavelength range (180 to 315 nm, 315 to 1400 nm 
and > 1400 nm).

OPERATING ROOM FIRE

The ignition and propagation of fire requires a triad of 
components: ignition source, fuel, and oxidizer. All parts 
of the fire triad (Fig. 88-6) are ubiquitous in ORs and may 

Ignition Source

Oxidizers

The Fire Triad

Fuel

Oxygen,
Nitrous
oxide

Hair,
drapes,

cosmetics,
endotracheal

tubes

Figure 88-6. The fire triad.
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be in close proximity of each other during laser surger-
ies. Lasers are highly effective and rapid sources of igni-
tion.76,77 Laser operators need to be well versed and 
compliant with the standards and codes in place for the 
safest practice during laser use. Given the right fuel, igni-
tion may occur with oxygen as the primary oxidizer at 
21% (room air) or at lower percentages in certain condi-
tions.78 Ignition potential is amplified in the presence of 
an enriched oxidizer concentration. This is true for either 
of the two prevalent OR oxidizers: oxygen or nitrous oxide 
(N2O). Anesthesiologists and laser operators must work 
together to ensure the lowest possible fraction of inspired 
oxygen concentration (FiO2) at critical points in all laser 
procedures. Common sources of fuel in the OR include 
the ETT and other plastic items, drapes and towels, and 
alcohol-based preparation solutions. Less common fuels 
include hair and skin ointments, which highlight the 
need for reminding patients to be ready for surgery with 
the face free of makeup and no products in the hair.

Although a feared complication, the actual incidence 
of surgical fires per year in the United States varies widely, 
depending on the report, and is not clearly defined. The 
Emergency Care Research Institute (ECRI), an indepen-
dent nonprofit health service research agency, estimates 
between 550 and 650 surgical fires occur every year; an 
extremely small percentage of approximately 65 million 
annual surgical cases. Further, the ECRI reports that a 
high percentage of these surgical fires occur in the air-
way (34%) and head or face (28%)79,80 A report from TJC 
gives the incidence of OR fires at 20 to 30 per year.81 A 
report from 1984 that examined the complications asso-
ciated with several thousand CO2 laser surgeries reports 
the incidence of airway fires at 0.14%.82 Even higher 
(and older) estimates on the incidence of ETT fires dur-
ing laser procedures of the airway are 0.5% to 1.5%.83,84 
Surgical fire represents the most common major compli-
cation of endoscopic airway laser surgery and may result 
from direct or indirect laser beam contact with the ETT.85 
Smoldering particles of tissue from the surgical site can 
ignite an ETT.86 In an otolaryngologic survey published 
in 2011, during endoscopic airway and tracheal surgery, a 
laser was the ignition source in 26 of 27 fires, 15 of which 
involved the ignition of an ETT and 7 of which had the 
FiO2 at 0.21.76 A survey of otolaryngologists reported on 
100 fires, with electrosurgery causing 59%, lasers causing 
32%, and light cords causing the remaining 7%. Supple-
mental oxygen was involved in 81%; in 31% of these 
cases, the ETT caught fire.87

INSPIRED OXIDIZERS AND OPERATING 
ROOM FIRES

When laser use is planned, the concentration of inspired 
oxidizers must be considered. Ignition is facilitated and 
combustion is more intense in oxidizer-enriched envi-
ronments, which occurs with the use of either oxygen 
or N2O. The risk associated with N2O might not be read-
ily apparent. In its resting state, N2O has no free oxygen. 
An oxygen analyzer will reflect the dilution of oxygen by 
N2O (with a lowered FiO2) when the two gases are used 
together. However, N2O easily exothermically dissociates, 
releasing heat and free oxygen. The fire risk of an oxygen 
and N2O mixture should be considered equivalent to 
administering 100% oxygen. In an updated 2013 ASA 
Practice Advisory for the Prevention and Management of 
Operating Room Fires, the majority of the ASA taskforce 
members “…strongly agree that the use of nitrous oxide 
(N2O) should be avoided in settings that are considered 
high risk for fire.”35

Materials that resist ignition at a low FiO2 may vigor-
ously combust with an added oxidizer. As the temperature 
of the environment increases, the required FiO2 needed 
to support combustion decreases. Flaming combustion 
can occur at warm conditions in oxygen concentrations 
as low as 14% to 16% (National Fire Protection Agency 
921 Guide for Fire and Explosion Investigations 1998). 
The 2013 ASA practice advisory does not give a maximum 
allowable FiO2 for procedures at high risk for fire but states 
that it should be “kept as low as clinically feasible…” to 
“…avoid hypoxia.” Few clinicians would agree to allow 
laser use in the presence of an FiO2 level greater than 0.4, 
or 0.5, which is considered dangerous in in vitro studies.88 
Most want the FiO2 under 0.3 in high-risk fire settings. A 
2013 analysis of the ASA Closed Claims database, which 
dates back to 1985, found that laser fires during general 
anesthesia occurred with inspired oxygen concentrations 
greater than 30%.89 Analyses such as this one are used 
to establish best practice approaches to patient care.90 As 
a consequence, many institutions have enacted policies 
mandating the use of safer ETTs and an FiO2 below 30% 
for all intraoral surgeries with a provision to use an igni-
tion source.91 When available, diluting 100% oxygen with 
helium offers a small advantage over an air-nitrogen mix-
ture attributable to its higher thermal conductivity that 
can delay the ignition of an ETT for a few seconds.92,93 
The index of flammability is reduced by only 1% to 2%.94 
Additionally, helium’s lower density reduces the Reynolds 
number,* transition to turbulent flow, and thus increased 
resistance to flow, allowing the use of a smaller ETT.95,96 
Finally, reducing inspired FiO2 does not protect from an 
increased airway oxygen concentration until expired con-
centration also decreases, which can take several minutes 
when low fresh gas flows are used.97

MONITORED ANESTHESIA CARE AND 
OPERATING ROOM FIRES

Surgical fire is the second most common injury that 
results in liability during monitored anesthesia care.98 
Oxygen-enriched environments are usually present in OR 
fires during anesthesia for upper body surgeries, which 
creates an exceedingly high-risk setting for fire because 
all three essential elements―ignition source, fuel, and 
oxidizers―are in close proximity.99 Accordingly, in 2009, 
the ECRI and the Anesthesia Patient Safety Foundation 
(APSF) came out in support of guidelines for the use of 
oxygen administration during upper body surgeries.80 
Suggested for these procedures is the use of only nonoxy-
gen-enriched air for any open delivery of gas via facemask 
or nasal cannula to the face when an ignition source 
will be present. If the spontaneously breathing patient, 

* The Reynolds number is a dimensionless ratio of inertial and viscous 
forces, predicting the steadiness of fluid flow.



sedated or not, needs supplemental oxygen to maintain 
an acceptable oxygen blood saturation, then the airway 
should be secured with an ETT or laryngeal mask air-
way (LMA).100 A theoretical concern is that supplemen-
tal oxygen, which is heavier than air, will be trapped in 
the drapes and pool around the patient’s face and upper 
body.101

If a general anesthetic must be avoided, then the goal 
for using supplemental oxygen should be to use the min-
imum concentration of oxygen judiciously to maintain 
acceptable blood oxygen saturation. Simply lowering the 
flow of 100% oxygen to an open delivery site will not 
allow for control of the delivered FiO2. However, prede-
livery blending of oxygen with air will do so.102 A venturi 
apparatus is an option.103 The ECRI recommends options 
such as the use of an oxygen blender or the use of a three-
gas anesthesia machine that has a common gas outlet.80 
To attach the facemask or the nasal cannula tubing to the 
breathing circuit, a 5-mm ETT connector is attached to 
the Y-piece of the circuit.100 The implementation of an 
open face draping scheme should be considered to dissi-
pate the collection of added oxygen lingering around the 
surgical site.104

GENERAL ANESTHESIA AND AIRWAY FIRES

When the surgical site is within or near the airway, coordi-
nation between the anesthesia and surgical teams is essen-
tial to consider the need for an ETT, which tube type to use, 
the oxygen enrichment plan, and mode of ventilation. If 
intubation is planned, then varied intubation options exist 
and include an assortment of available ETTs and jet venti-
lation catheters. A few oxygenation-ventilation strategies 
include ventilating through a cuffed or tightly fitting ETT, 
either continuously or intermittently using a ventilator 
with apnea during episodic removal of the ETT to allow 
unobstructed access to the surgical field. Either supraglot-
tic or infraglottic catheter positioning may be selected for 
jet ventilation. In addition, the choice of anesthetic must 
be considered. There are series using sevoflurane and 
spontaneous ventilation105; however, volatile anesthetics 
are not reliably delivered to the patient if jet ventilation 
is required, and the vapors can pollute the OR. Finally, 
although the volatile anesthetics currently used in clini-
cal practice are nonflammable and nonexplosive in clini-
cally relevant concentrations,106 when exposed to flame, 
they may pyrolyse to potentially toxic compounds.107 
As such, the ANSI Z136.3–2011 standard conservatively 
recommends not using volatile anesthetics during airway 
laser surgery.

ETT fires have their own set of elevated risks for the 
patient and require swift corrective measures. With the 
right conditions and if properly managed, an ignited ETT 
may cause little if any harm. However, catastrophic injury 
may occur.108,109 If ignited and combustion breaches the 
ETT with its centrally flowing reservoir of oxidizer, a 
blowtorch scenario in the airway can occur (Fig. 88-7). The 
potential for far-reaching thermal injury to the pulmo-
nary tract exists. In addition, products of complete and 
partial combustion including smoldering debris, particu-
late matter, toxic gases, and compounds may cause fur-
ther insult.
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When using a laser near the airway, the updated 2013 
ASA Practice Advisory strongly agrees that “laser resistant 
tracheal tubes [and catheters] should be used, and that 
the tube choice should be appropriate for the procedure 
and the laser…” If a cuffed tube is used, then the cuff 
should be filled with saline rather than air whenever 
feasible.35 Methylene blue–dyed saline may help speed 
identification of cuff breaches.110 Added protection from 
ignition may be achieved by using water-soaked sponges 
around the tube at the site of work and at the glottis. 
These sponges may seal leaks of oxygen around an ill-fit-
ting ETT cuff, segregating the higher FiO2 being delivered 
to the patient from the ambient air above the glottis and 
may protect the tube from laser strikes by adding a layer 
of water-saturated protection.

ENDOTRACHEAL TUBE COMPOSITION AND 
COMBUSTION-RELATED PROPERTIES

Standard polyvinyl chloride (PVC), red rubber, and sili-
cone ETTs are candidates for use during laser procedures 
near the airway, but all are ignitable and require protec-
tive measures. Their dissimilar properties, reactions to 
various laser types, and by-products of combustion have 
been studied. Studies show that PVC easily absorbs far-
infrared light and is vulnerable to CO2 laser. Smith and 
colleagues76 found a rapid (less than a 2-second) ignition 
of PVC ETTs exposed to 5 W CO2 laser at 100% oxygen. 
Using a canine model, Ossoff and colleagues111 studied 
CO2 laser–ignited fires of PVC, red rubber, and silicone 
ETTs and found that all ignited into blowtorch scenarios 
in the setting of 1% halothane, 30% oxygen, and 70% 
N2O. The effects of intraluminal fire on the larynx and 
trachea were assessed. Of the ETTs studied, the PVC type 
was not only the type that most readily ignited, but it 

Figure 88-7. Blowtorch ignition of an endotracheal tube. (No authors 
listed: Airway fires: reducing the risk during laser surgery, Health Devices 
19:109, 1990.)
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also deposited carbonaceous debris and caused the most 
severe burns and cellular damage. The PVC ETT also pro-
duces more toxic by-products of combustion, such as 
hydrochloric acid. The red rubber ETT was more ignition-
resistant and produced less debris and tissue inflamma-
tion. Silicone ETTs took the longest exposure to ignite, 
but the finding of silica ash raised concern for possible 
remote development of silicosis. Other studies82,112 have 
similar findings, except Ossoff92 found red rubber ETTs 
were slower to ignite than silicone ETTs.

On the other hand, energy from Nd:YAG and visible 
laser light is not easily absorbed by clear PVC ETTs; how-
ever, if anything (e.g., blood, tissue, lettering on the ETT) 
disrupts the transparency, then energy will be absorbed at 
that point and will place the ETT at high risk for ignition. 
In a 1991 study, 1 minute of continuous exposure to an 
Nd:YAG laser at 70 W and 100% oxygen flowing produced 
no damage to the PVC ETT when aimed at the unmarked 
clear portion of a PVC ETT. However, when aimed at 
the ETT markings, ignition occurred at 2.6 seconds, and 
when aimed at blood or mucus, ignition occurred in less 
than 6 seconds.113 This same research group and another 
demonstrated that none of the three commonly used ETT 
materials―PVC, red rubber, and silicone―are safe when 
exposed to Nd:YAG laser energies.114,115

LASER-RESISTANT ENDOTRACHEAL TUBE

Various strategies for the protection of ETTs from laser-
strike damage have been evolving since the 1970s. Stan-
dard ETTs may be rendered more resistant to ignition by 
wrapping them with protective material, or the alterna-
tive is to use laser-resistant tracheal tubes (LRTTs), which 
are ETTs prefabricated with protective layering. In every 
case involving the use of lasers, the risk of airway fire 
must be considered and appropriate precautions taken if 
any appreciable chance of ignition is present.

The first ETT laser protection option was a do-it-your-
self wrapping with laser-resistant materials. Flammable-
resistant, smooth, and flexible tapes including aluminum 
and copper foil and metallic-coated plastic are typically 
used. These tapes are available through trade and craft 
stores and have proven to slow laser ignition.116,117

Although the practice of using metallic tapes to create 
LRTTs is well supported in the older medical literature, 
practitioners should realize that none of these products 
have FDA approval for this use. Practitioners opting to use 
the metal tapes to hand-wrap ETTs incur significant liabil-
ity and patient safety risk. Even the one FDA-approved 
wrap, Merocel Laser-Guard Protective Wrap, is no longer 
marketed as a result of poor demand.

FDA-approved LRTTs are commercially available. 
These LRTTs vary in design and intended use. Some of 
these products are no longer on the market, including 
the Norton, Xomed Laser-Shield, and Bivona Fome-Cuff 
ETTs. The Xomed Laser-Shield was withdrawn from use 
after its involvement in three airway fires, one of which 
resulted in a death.118 The Medtronic Laser-Shield II ETT 
(Medtronic ENT, Jacksonville, Fla) is a redesigned version 
of the Xomed tube. Some of the other currently avail-
able LRTTs include the Sheridan Laser-Trach (Hudson 
RCI/Teleflex/Medical, Research Triangle Park, NC), Rusch 
Lasertubus (Teleflex/Medical, Research Triangle Park, 
NC), and the Mallinckrodt Laser-Flex, now branded as 
the Covidien Laser Oral/Nasal Tracheal Tube Dual Cuffed 
Murphy Eye (Covidien, Mansfield, Mass).

The available LRTTs are made of metal or have a non-
metal tube core with a metallic overlay. The nonmetal 
core LRTTs are the following: (1) The Medtronic Laser-
Shield II, which is intended for use with CO2 and KTP 
lasers, is a silicone tube core wrapped with a flexible 
aluminum overlay topped by a fluoroplastic layer. It is 
a single-cuffed LRTT with dry methylene blue indicator 
in the unprotected silicone elastomer cuff. The covering 
is specified to withstand (in vitro) 35,000 W/cm2 of CO2 
laser energy or 11,000 W/cm2 of KTP energy for 3 min-
utes. In a laboratory test, a continuous laser beam at  
20 W vaporized the fluoroplastic film, but the tube above 
the cuff did not perforate or ignite.119 Blood on the sur-
face of the tube did not result in ignition or burn-through, 
even when tested at increased beam power of 38 W.120 
(2) The Sheridan Laser-Trach, which is also intended for 
use with CO2 and KTP lasers, is a red rubber tube core 
with a copper foil overlay. It has an unprotected single 
cuff. The tube above the cuff took 60 seconds to perforate 
when subjected to 40 W of continuous CO2 laser, but it 
was readily ignited by a high-power Nd:YAG laser.121 (3) 
The Rusch Lasertubus is intended for use with all medi-
cal laser types. It is has a central tube of flexible white 
rubber, “reinforced with corrugated copper foil and 
absorbent sponge” per product information provided by 
the manufacturer, Teleflex Medical, and has a dual cuff-
inside-a-cuff system. Bench testing of this product by 
Teleflex Medical showed no damage to the tube integrity 
when exposed to a CO2 laser at 20 W for 40 seconds. In 
independent testing, the area above the cuff withstood 
90 seconds of a Nd:YAG laser set at 25 W and a CO2 laser 
at 75 W.122

A metal LRTT is the Covidien Laser Oral/Nasal Tra-
cheal Tube Dual Cuffed (Laser-Flex), and is intended for 
use with CO2 and KTP lasers. It has an airtight flexible 
armored stainless steel shaft and two independent cuffs, 
positioned in series. It was shown that the shaft above the 
cuffs withstood 1 minute of a 69 W CO2 laser. The shaft 
did not hold up to Nd:YAG laser at high power.123 With 
the CO2 laser set at 38 W, this tube ignited one out of four 
times when dry and had almost immediate combustion if 
blood was on the surface.

All LRTTs are merely resistant to laser damage. None, 
either metal wrapped or all metal, have protected shafts 
that are completely safe under all conditions, and all 
cuffed LRTTs have vulnerable cuffs and tips. LRTTs are no 
replacement for vigilant and thoughtful care by all pres-
ent in the OR.

PROTECTION OF THE ENDOTRACHEAL CUFF

The thin pliable plastic or elastomeric envelope of the 
standard high-volume, low-pressure cuff found on ETTs 
and LRTTs is at risk for puncture from misdirected laser 
energy. If unrecognized, cuff punctures allow delivered 
gas, which is likely oxygen-enriched, to travel above the 
incompetent cuff and flood the surgical field, creating a 
high risk for an airway fire if using a laser. Other than the 



Bivona Fome-Cuff, which is no longer available, no other 
cuffs remain inflated after puncture. If laser use near the 
airway is planned, then implementing cuff-protective 
strategies such as the following is essential: (1) Use saline 
to fill the cuff. A cuff puncture may extinguish a small 
fire. The updated 2013 ASA Practice Advisory notes that 
the majority of members and consultants strongly agree 
that “the tracheal cuff of the laser tube should be filled 
with saline rather than air, when feasible.”35 (2) Tint the 
saline in the cuff with methylene blue to act as an early 
marker of cuff puncture.35 (3) Place the cuff as far away as 
possible (distal in the trachea) from the site of laser use.  
(4) Use moistened cotton pledgets or sponges to cover 
any exposed cuff. The usefulness of these practices in pre-
venting or delaying cuff ignition from CO2 laser exposure 
has been confirmed.124,125

JET VENTILATION

Optimal surgical conditions for procedures necessitating 
an unobstructed airway can be obtained with jet ven-
tilation, which can occur from a supraglottic position 
(requiring no instrumentation of the airway) or through 
a flexible and small diameter jet ventilation catheter. 
In this mode of ventilation, Bernoulli’s principle can 
explain the establishment of acceptable oxygenation 
and ventilation, despite the delivery of a relatively low 
volume of gas from the ventilator. Jet ventilation uses a 
high-pressure gas source to deliver a narrow high-velocity 
gas stream. This, in turn, creates a low-pressure microen-
vironment around the stream that causes the entrain-
ment of surrounding gas. The entrained gas advances 
along with the primary gas stream, resulting in an addi-
tive effect and the delivery of a larger volume of gas to 
the patient. Concern about the potential absorption of 
carbon monoxide from the entrained laser plume by the 
patient during airway procedures prompted Goldhill and 
colleagues126 to examine this possibility. They found 
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no significant increase in carboxyhemoglobin during 
Nd:YAG bronchoscopy.

Jet ventilation, when used correctly and in accordance 
with safety precautions, has a low complication rate that 
includes the risk of barotrauma, pneumothorax, and 
crepitus. Concern existed over the potential for jet venti-
lation to cause distal bronchial seeding with active virus 
during laser resection of laryngeal papillomas. Shikowitz 
and associates127 found no evidence of this in 96 patients 
who had multiple laser procedures. However, Cozine and 
colleagues in a multiinstitutional survey that examined 
15,701 CO2 laser airway surgeries found a higher rate of 
ventilatory complications with jet ventilation than with a 
standard ETT (Fig. 88-8), but the only fatality was caused 
by an ETT fire. The investigators concluded that no 
single mode of ventilation proved superior during laser 
surgery.128

During supraglottic jet ventilation, an intermittent 
gas stream is directed at the glottis through a small 
metal tube, such as a ventilating bronchoscope or even 
a 12-gauge blunt needle.129,130 A retrospective review of 
942 cases of microdirect laryngoscopy using endolaryn-
geal jet ventilation found only four complications.127 
Supraglottic jet ventilation has the advantage of using 
no flammable material in the airway during ventilation. 
However, oxygen- enriched air is free to flow back and 
enrich the air at the tissue targeted by the laser. Fires have 
been reported with this technique.131

A few catheter options exist for infraglottic venti-
lation. Rigid metal catheters that are nonflammable 
are available but cumbersome for the surgeon to work 
around. Nonmetal catheters used during laser procedures 
need to be appropriate. The Laser Jet catheter, made of 
polytetrafluoroethylene (Acutronic Medical Systems, 
Hirzel, Switzerland) and the Hunsaker Mon-Jet tube 
(product 7080100, Medtronic ENT, Jacksonville, Fla) are 
not flammable but can be deformed or punctured by CO2 
laser impact.132
Figure 88-8. Complications of laser 
airway surgery. Pneumothorax was 
common with jet ventilation, but 
potentially lethal airway fires occurred 
with endotracheal intubation. ETT, 
Endotracheal tube. (Data from Cozine 
K, Stone JG, Shulman S, et al: Ventila-
tory complications of carbon dioxide laser 
laryngeal surgery, J Clin Anesth 3:20-25, 
1991.)
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To further reduce obstruction of the surgical field by 
ventilatory appliances, perhaps all instrumentation could 
be removed by using spontaneous ventilation or inter-
mittent apnea, with general anesthesia provided by nasal 
insufflation or bronchoscopic delivery of a volatile inhaled 
anesthetic105,133 or an intravenous anesthetic.100,134 
Another common technique is modest hyperventilation, 
followed by intermittent tracheal extubation by the sur-
geon for periods of 90 to 120 seconds, during which time 
the laser is used.135,136 Pulse oximetry adds a measure of 
safety by confirming adequate oxygenation from a deni-
trogenated pulmonary residual capacity during apnea.

OTHER CONSIDERATIONS

Although not specifically related to laser procedures 
in the airway, vagal hyperactivity often occurs during 
instrumentation of the trachea and during suspension 
laryngoscopy, in particular. Immediate recognition and 
treatment, which potentially includes the release from 
suspension and the intravenous administration of a vago-
lytic drug, are essential. Intense (deep) neuromuscular 
blockade is often a surgical need during laser on minute 
targeted areas in the airway. The paraneoplastic syn-
drome, occasionally observed with small cell and other 
types of endobronchial tumors, may lead to prolonged 
weakness after the administration of neuromuscular 
blocking drugs137 (also see Chapters 52 and 53).

AIRWAY AND OTHER FIRES ON THE 
SURFACE OF THE PATIENT

In the event of a potential or actual OR fire, a timely and 
prompt response is imperative. Early warning signs of 
combustion need immediate communication to others in 
the OR and a full investigation. These signs may include 
suspicious odors, sounds, or visuals such as unexplained 
drape movements, flash, or discoloration of materials. If 
the patient is awake, then unanticipated complaints of 
discomfort or restlessness and moving on the table may 
be important signs. If a fire is detected, then the current 
ASA OR Fire Management Practice Advisory states that 
the event should be immediately announced, the proce-
dure halted, and fire management tasks initiated.

The ASA OR Fire Management Practice Advisory and 
the ECRI have nearly identical algorithms for the essen-
tial steps of handling airway or other fires on the surgi-
cal patient35,80 (see the ASA document for the complete 
Operating Room Fires Algorithm).35 The essentials are 
provided:

Fire in the airway:

 1.  Remove the tracheal tube or breathing circuit fire. 
Hand it off to be extinguished and inspected.

 2.  Stop airway gas flow (consider disconnecting the 
circuit).

 3.  Remove all flammable and burning materials from the 
airway.

 4.  Pour saline or water into the patient’s airway (to extin-
guish the fire and cool the tissues).
Nonairway fire:

 1.  Stop airway gas flow.
 2.  Remove drapes, flammable, or burning material from 

the patient.
 3.  Extinguish any burning items.
  

After the airway fire is extinguished:

 1.  Reestablish ventilation by mask. Avoid supplemental 
oxygen or N2O, if possible.

 2.  Examine the ETT to evaluate whether fragments have 
been left in the airway. Consider bronchoscopy to 
assess injury and to remove foreign bodies.

 3.  Assess the patient’s status, and devise a plan for ongo-
ing care.†

  

After the nonairway fire is extiguished:

 1.  Assess the patient’s status, and devise a plan for ongo-
ing care.†

 2.  If not intubated, assess for smoke inhalation.
  

If the fire is not extinguished on the first attempt, then:

 1.  Use a CO2 fire extinguisher.
 2.  If the fire persists, then:
 a.  Activate the alarm system.
 b.  Evacuate the patient, if feasible, and follow 

institutional protocol.
 c.  Close the door to the OR.
 d.  Shut off the medical gas supply to the OR.
  

† Assessment might include the involvement of other specialties. Per-
haps a surgeon could perform a rigid bronchoscopy or bronchial 
lavage. Perhaps the trachea should be reintubated or a tracheotomy 
performed. A chest radiograph should be obtained. Pulmonary dam-
age attributable to heat or smoke inhalation, or both, may neces-
sitate prolonged tracheal intubation and mechanical-controlled 
ventilation. Humidification, bronchoscopy, and management of 
carbon monoxide or cyanide toxicity may be needed.138 An expert 
consultation in burn management should be obtained to help evalu-
ate and devise a plan for burns on the surface of the patient.
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Ambulatory (Outpatient) Anesthesia
IAN SMITH • MARK SKUES • BEVERLY K. PHILIP

K e y  P o i n t s

 •  The use of ambulatory surgery continues to increase, mostly as a result of less 
invasive surgery, improved patient selection and preparation, and an expansion in 
office-based practice.

 •  Few absolute contraindications exist to ambulatory surgery. Patients should not 
be excluded on the basis of arbitrary limits, such as age, body mass index, or 
American Society of Anesthesiologists physical status classification system.

 •  Effective preoperative assessment is required to evaluate and prepare patients and 
is essential for the delivery of safe, high-quality, and efficient ambulatory surgery.

 •  Many anesthetics and techniques can be used for ambulatory surgery. Of prime 
importance, experience and careful attention to detail are required to deliver high-
quality rapid recovery with minimal side effects.

 •  Spinal anesthesia may extend the range of patients and procedures suitable for 
ambulatory surgery, but it requires the use of small doses of bupivacaine combined 
with opioids or short-acting local anesthetics to avoid prolonged recovery.

 •  Sedative techniques can facilitate a wide variety of procedures performed in the 
hospital, office, or remote settings. However, sedation is no safer than general 
anesthesia and requires the same standards of personnel, monitoring, and 
perioperative care as for patients undergoing general or regional anesthesia.

 •  Multimodal analgesia, using combinations of local or regional anesthesia, 
acetaminophen, and nonsteroidal antiinflammatory drugs, provide effective relief 
of pain. The reduced need for opioids decreases the incidence and intensity of 
adverse effects.

 •  Antiemetic prophylaxis should be based on individual patient risk. Multimodal 
regimens are required for patients and procedures known to be associated with 
increased risk for complications.

 •  Patients should be discharged with written information concerning aftercare, 
return to normal activities, follow-up evaluation, and a contact telephone number. 
This advice must include early warning signs and the appropriate action to take.

 •  Ambulatory surgery remains very popular with patients with infrequent rates 
of adverse events and complications. One important component of success in 
ambulatory surgery and anesthesia is minimal postoperative nausea and vomiting.

Acknowledgment: The editors and the publisher would like to thank Drs. Paul F. White and Matthew R. Eng, who were 
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Ambulatory surgery has its origins in Glasgow, Scotland, 
where, between 1898 and 1908, James Henderson Nicoll 
performed almost 9000 ambulatory surgery procedures 
on children, nearly half of whom younger than 3 years 
of age.1 Contrary to the prevailing philosophy, which 
advocated prolonged bed rest after surgery, Nicoll encour-
aged early mobilization and home follow-up by a visiting 
nurse to reduce high cross-infection rates and overcome 
bed shortages and financial constraints. A few years later, 
Ralph Milton Waters opened his Downtown Anesthesia 
Clinic in Sioux City, Iowa, allowing adult patients to 
return home within a few hours of difficult dental extrac-
tions, abscess drainage, or reduction of minor fractures.2 
Further progress was slow until the dangers of prolonged 
bed rest and the economic advantages of shorter stays 
began to be recognized toward the middle of the twentieth  
century. The first hospital-based ambulatory surgical units 
were opened in Grand Rapids, Michigan, in 1951 and in 
Los Angeles, California, in 1952, and somewhat later at 
London’s Hammersmith Hospital in the United Kingdom 
in 1969.3 At the same time, the first free-standing ambula-
tory surgery center opened in Phoenix, Arizona,4 rapidly 
followed by many others across North America in the 
1970s and 1980s.

The development of ambulatory anesthesia as a rec-
ognized subspecialty was enhanced by the formation of 
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the Society for Ambulatory Anesthesia (SAMBA) in 19845 
and the British Association of Day Surgery in 1989. These 
and nine other national societies came together in 1995 
to form the International Association for Ambulatory 
Surgery (IAAS), an umbrella organization dedicated to the 
worldwide promotion of ambulatory surgery.

Ambulatory surgery has expanded far beyond perform-
ing simple procedures on healthy patients. Currently, 
a broad range of major procedures are performed in 
patients who frequently have complex preexisting medi-
cal conditions. The availability of improved anesthetic 
and analgesic drugs minimizes the anesthetic side effects 
and facilitates the recovery process, as do the increasing 
availability of minimally invasive surgical techniques. 
Equally important has been a philosophical change that 
challenged outdated and conservative practices, demand-
ing inpatient procedures. Ambulatory surgery now 
accounts for approximately 80% of the elective surger-
ies in the United States.6 Ambulatory surgery also consti-
tutes a large proportion of elective surgical activity in the 
United Kingdom and in many other countries, although 
rates for individual procedures still vary across countries 
in Europe.7

DEFINITIONS

Although ambulatory surgery is widely practiced, the 
precise definition can vary across countries and health 
care systems. For consistency, we have used the defini-
tion proposed by the cofounder of the IAAS: “A surgical 
day case is a patient who is admitted for investigation or 
operation on a planned non-resident basis and who none 
the less requires facilities for recovery. The whole proce-
dure should not require an overnight stay in a hospital 
bed.”8 This definition requires the patient to be managed 
with the intention of same-day discharge from the out-
set, in addition to admission, operation, and discharge all 
occurring on the same calendar day. Including manage-
ment intention in the definition ensures no incentive is 
provided to discharge a planned inpatient at short notice, 
who would be without all of the preparation and support 
that make ambulatory surgery such a high-quality form 
of care.

Short-stay surgery embraces all of the principles of 
ambulatory surgery and includes a postoperative over-
night hospital stay. This may be because of significant 
comorbidities, lack of social support, or a procedure that is 
either too extensive or performed too late in the day to be 
compatible with same-day discharge. We have included 
short-stay surgery in this chapter because the objectives 
of minimizing physiologic disturbance to improve the 
quality of recovery and reduce the length of stay are 
the same as those of ambulatory surgery and much of  
the perioperative management is similar.

BENEFITS OF AMBULATORY SURGERY

The major incentive to perform more ambulatory sur-
gery is the high quality of patient care it can achieve as a 
result of reduced tissue trauma, enhanced recovery with 
minimal adverse events, and the provision of effective 
postoperative analgesia, appropriate information, and 
postoperative support. Patients appreciate the more effi-
cient scheduling of surgery, not requiring the availability 
of a hospital bed, and the comfort and convenience of 
recovering in the familiar home environment. Financial 
advantages exist to ambulatory surgery in eliminating 
the costs associated with overnight admission. In both 
the United States and the United Kingdom, procedures 
that are compatible with ambulatory surgery receive the 
same payment (from insurance companies and regional 
budget holders, respectively), irrespective of the length of 
stay. Therefore, if a patient does stay overnight, the extra 
costs are borne by the facility. In the United Kingdom, 
a few procedures currently attract a slightly higher level 
of funding when performed on an ambulatory basis,9 to 
incentivize best practice and finance any necessary path-
way redesign.

FACILITIES FOR AMBULATORY SURGERY

In the United States, the American Society of Anes-
thesiologists (ASA) provides guidelines on ambulatory 
surgical facilities,10 including adherence to local regula-
tions, staffing requirements, and minimum equipment 
standards. Quality standards are set and enforced by 
government regulation, licensing, or accreditation. In 
the United States and Canada, hospital-based ambula-
tory surgical facilities receive accreditation through The 
Joint Commission (TJC), Det Norske Veritas (DNV), 
and the Healthcare Facilities Accreditation Program 
(HFAP). Ambulatory surgery centers and office-based 
surgery locations can receive accreditation through the 
Accreditation Association for Ambulatory Health Care 
(AAAHC), American Association for Accreditation of 
Ambulatory Surgery Facilities (AAAASF), or TJC. In the 
United States, the Centers for Medicare & Medicaid Ser-
vices (CMS) has its own inspection program in addi-
tion to accepting accreditation decisions from the listed 
organizations.

A multitude of designs exist for ambulatory surgical 
facilities. Some have been purpose designed, and others 
have evolved by adapting existing facilities. The facilities 
delivering ambulatory care services also vary by country, 
but they can be broadly categorized into four models of 
care, each with its own advantages and disadvantages.11

HOSPITAL INTEGRATED

The simplest model of ambulatory surgery is one with 
shared inpatient surgical facilities, but with separate areas 
for preoperative preparation and recovery of ambulatory 
patients. This model of care was previously regarded as 
inefficient and brings the risk for ambulatory procedures 
being delayed or even canceled in favor of more major 
inpatient procedures or emergency pressures. However, 
by dedicating certain operating sessions to ambula-
tory surgery and using strict protocols, efficiency can 
be almost equal to that of a self-contained unit.12 The 
design is very flexible, allowing the proportions of ambu-
latory and inpatient surgery to vary from day to day, 
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and, as new procedures are transferred to ambulatory 
surgery, it does not require all the equipment and skills 
of the operating room to be duplicated in a separate facil-
ity. It is also relatively inexpensive to expand the size of 
the preoperative and postoperative areas as ambulatory 
surgery grows.

HOSPITAL SELF-CONTAINED

These self-contained units are functionally and struc-
turally separate from inpatient facilities with their own 
reception, admission areas, operating rooms, recovery 
areas, and administrative facilities. This design ensures 
functional separation from urgent and emergency work, 
yet all the backup facilities of the main hospital are read-
ily available nearby. In many ways it is an ideal model 
of care; however, the capacity for ambulatory surgery is 
finite, and an inevitable need exists for duplication of 
operating room equipment and skills for procedures that 
are still commonly performed on both an ambulatory 
and inpatient basis.

FREESTANDING

Freestanding ambulatory surgery centers ensure complete 
separation from inpatient and emergency work. This 
improves efficiency and allows complete focus on ambu-
latory care. There is a risk of not being able to manage 
perioperative complications safely, although the typically 
good patient selection and preparation minimize this 
potential problem. However, unless the unit has some 
capacity for overnight stays, any unanticipated admission 
will need transfer to a nearby hospital, which somewhat 
limits the complexity of the patients and procedures 
undertaken. Ambulatory surgery centers vary from highly 
specialized, single-surgery facilities to multispecialty gen-
eralists, with a wide range of sizes.

OFFICE-BASED

Performing ambulatory surgery, diagnostic procedures, or 
both in a facility associated with a physician’s office is a 
rapidly expanding area of care within the United States.6 
The main advantages are increased convenience for the 
patient and surgeon and smaller total procedure costs. 
Office-based services are much less regulated than ambu-
latory surgery centers, and especially unless accredited, 
they may have more significant equipment, personnel, 
and environmental limitations with lower ability to man-
age perioperative complications.

PATIENT SELECTION CRITERIA

SURGICAL FACTORS

The development of minimally invasive surgery, 
improvements in surgical technique and pain control, 
and the availability of shorter-acting anesthetics have 
dramatically increased the range of surgical procedures 
compatible with same-day discharge. The duration of 
surgery is now relatively unimportant, with the extent 
of surgical trauma being the more significant determi-
nant. There should be no expectation of continuing 
blood loss, large perioperative fluid shifts, or the need 
for complex or specialized postoperative care. Surgical 
complications remain the single greatest cause of unan-
ticipated hospital admission,13,14 but provided these are 
infrequent and can be detected before discharge, ambu-
latory surgery should still be the plan. When discharge 
on the day of surgery is not possible, many patients 
require a single night in the hospital, making even more 
procedures suitable for short-stay surgery. In the United 
States and the United Kingdom, an overnight stay for 
an ambulatory surgery procedure receives no additional 
payment, so the extra costs are borne by the facility. The 
British Association of Day Surgery publishes a directory 
of over 150 different surgical procedures and suggests 
aspirational targets for the proportions of each that are 
suitable for either ambulatory or short-stay surgery.15  
A selection of these are shown in Table 89-1.

TABLE 89-1 SELECTION OF SURGICAL 
PROCEDURES THAT CAN BE PERFORMED ON AN 
AMBULATORY BASIS

Specialty Examples of Surgical Procedures

Breast surgery Excision or biopsy, including wide local 
excision, sentinel node biopsy, simple 
mastectomy, microdochotomy, and other 
operations on nipple

General surgery Perianal fistulae, pilonidal sinus, 
hemorrhoidectomy, open or 
laparoscopic hernia repair, laparoscopic 
cholecystectomy, adrenalectomy, 
splenectomy, fundoplication, and gastric 
banding

Gynecology Cervical surgery, laparoscopic tubal ligation, 
oophorectomy, hysterectomy, female 
incontinence surgery, and anterior and 
posterior repair

Head and neck Dental procedures, excision of 
salivary glands, thyroidectomy, and 
parathyroidectomy

Ophthalmology Cataract surgery, strabismus surgery, 
vitrectomy, nasolacrimal and all eyelid 
surgery

Orthopedics Diagnostic and therapeutic arthroscopic 
surgery, anterior cruciate ligament repair, 
carpal tunnel release, bunion surgery, 
fracture reductions and removal of 
metalwork, lumbar microdiscectomy, 
minimally invasive hip surgery, and 
unicompartmental knee surgery

Otolaryngology Myringotomy and tympanoplasty, 
rhinoplasty, procedures on nasal 
septum and turbinates, polypectomy, 
adenotonsillectomy, laryngoscopy, and 
endoscopic sinus surgery

Urology Endoscopic bladder and ureteric surgery, 
transurethral laser prostatectomy, 
circumcision, orchidectomy, laparoscopic 
nephrectomy, pyeloplasty, and 
prostatectomy

Vascular surgery Varicose vein surgery, dialysis fistula creation, 
and transluminal arterial surgery
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Laparoscopic cholecystectomy is now a routine ambu-
latory surgical procedure in many countries, and increas-
ingly same day discharge is seen as safe and beneficial 
with the use of many more advanced laparoscopic pro-
cedures, including fundoplication,16 hysterectomy,17 
nephrectomy,18 pyeloplasty,19 and gastric banding.20 
Even complex procedures traditionally associated with a 
prolonged period of hospitalization have been performed 
on a short-stay basis, with some patients discharged the 
same day, including those undergoing awake craniot-
omy for tumor resection21,22 and minimally invasive hip 
arthroplasty.23 One series of 2000 patients undergoing 
laparoscopic Roux-en-Y gastric bypass for morbid obesity 
reported 84% being discharged within 23 hours, with a 
readmission rate of less than 2%24 (see also Chapter 71). 
Patients undergoing less invasive procedures, such as 
diagnostic or therapeutic hysteroscopy, are leaving ambu-
latory surgery into the procedure room, outpatient clinic, 
or office. 25

Postoperative pain and the ability to control it in the 
home environment is a major challenge for outpatient 
surgery. Discussed later in this chapter, high-volume local 
infiltration analgesia (LIA)26 and the use of home delivery 
of local anesthetics through wound catheters27 are help-
ing to extend the boundaries.

Perhaps the greatest barrier to the development of 
ambulatory surgery is conservatism, based on an incor-
rect concern about serious complications that might 
occur after discharge. For example, despite convincing 
data that most primary hemorrhages are evident within 
6 to 8 hours of tonsillectomy,28,29 an overnight stay is 
still routine in some countries whereas others discharge 
80% of patients or more on the day of surgery.7 Similarly, 
ambulatory thyroid surgery was first shown to be safe and 
effective in 1986,30 yet its widespread adoption has been 
slow,31 predominantly because of concerns about bleed-
ing and airway compromise. Such complications are rare, 
especially when surgery is undertaken by specialists who 
perform a high volume of cases, allowing short times to 
discharge to be achieved.32 Performing thyroidectomy 
under local anesthesia also appears to increase ambula-
tory surgery rates,33 perhaps because of the careful sur-
gical technique required. In the case of breast surgery, 
concerns about postoperative psychological support has 
delayed transfer of mastectomy and other cancer opera-
tions into ambulatory care, although it is now recognized 
that early discharge improves the psychological well-
being of these patients by minimizing the time away from 
home.34 Challenging conventional wisdom also may be 
beneficial; for example, discontinuing the routine use of 
drains after mastectomy or axillary node clearance results 
in no significant increase in morbidity, including from 
wound seroma, while facilitating same-day discharge.35

MEDICAL FACTORS

In the past, ambulatory surgery has relied on relatively 
rigid patient selection criteria in the attempt to limit the 
occurrence of postoperative complications. In practice, 
however, most of these criteria predict the occurrence of 
treatable perioperative adverse events, but not the need 
for unanticipated admission or readmission.36 Although 
an index combining age, length of surgery, and preex-
isting conditions, such as peripheral or cerebrovascular 
disease, can identify a group at higher risk for hospital 
admission, the specificity is poor and same-day discharge 
is still the most likely outcome.37 Ambulatory surgery is 
very safe, with a perioperative mortality of less than 1 in 
11,000,38 better than that in the general population. The 
safety of ambulatory surgery continues to be excellent 
despite increasing surgical and patient complexity.39-41

Relatively few absolute contraindications now exist to 
ambulatory surgery. Patient suitability should be assessed 
on the basis of overall health, taking into account both 
the risks and benefits of early discharge, and certainly not 
determined by arbitrary limits, such as age, body mass 
index (BMI), or ASA physical status.42 Chronic conditions 
should be relatively stable and must be optimally treated 
before any elective procedure, irrespective of the planned 
postoperative management. Many stable chronic diseases, 
such as diabetes, asthma, or epilepsy, are often better 
managed by patients, and ambulatory surgery facilitates 
this by easing the disruption to their daily routine.42 A 
distinction should be made between preexisting condi-
tions that will make a patient more difficult to manage on 
the day of surgery and those that increase the occurrence 
of late postoperative problems, thereby acting as a rela-
tive contraindication to ambulatory surgery.43

A good example is obesity, which is associated with 
numerous perioperative problems for the surgeon, anes-
thesiologist, and operating room personnel (see also 
Chapter 71). These may require the availability of expe-
rienced staff and specialized equipment, such as longer 
instruments and wider operating trolleys for safe care, but 
any risks are resolved soon after immediate recovery and 
are not prevented by overnight hospitalization. Obese 
patients benefit from ambulatory management with early 
mobilization, the use of short-acting drugs, and avoidance 
of opioid analgesia.43 Obesity does not increase the rate 
of unanticipated admission, postoperative complications, 
readmission, or other unplanned contact with health 
professionals after discharge.44 Even morbid obesity  
(BMI > 40 kg/m2) is no longer considered an absolute con-
traindication to same-day discharge.42 Obesity increases 
the likelihood of further comorbidities, but these should 
be evaluated in their own right.

Obstructive Sleep Apnea
Obstructive sleep apnea (OSA) occurs in the general pop-
ulation but is much more common in obesity. Nonethe-
less, most cases can be managed safely and effectively on 
an ambulatory basis.45 Perioperative problems, such as 
difficult endotracheal intubation and airway obstruction, 
should be anticipated.46 However, patients undergoing 
more invasive surgery, especially involving the chest or 
airway, or those requiring large doses of perioperative opi-
oids may be less suitable.45 Difficulty may arise when OSA 
is suspected but has not yet been definitively diagnosed 
and treated. A simple questionnaire, supplemented with 
some basic measurements (e.g., STOP-Bang), can identify 
most patients at high risk for OSA,47 who should then 
have the diagnosis confirmed and treatment instituted 
before surgery. In children, OSA is now one of the main 
indications for tonsillectomy and this has been seen as 
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a relative contraindication to ambulatory surgery. How-
ever, one recent study has shown that same-day discharge 
is still safe in the absence of other comorbidities.48

Age
Medical and social problems increase with age and 
should be evaluated and managed individually rather 
than applying an arbitrary upper age limit for ambula-
tory surgery (see also Chapters 80 and 93). The risk for 
death or readmission within 7 days of surgery in patients 
over 65 years of age are 41 per 100,000 and 2.53%, respec-
tively.49 Although somewhat more frequent than values 
from younger patients, the major risk factors appear to 
be very advanced age (older than 85 years of age), more 
invasive surgery, and recent inpatient hospital care.49 
The frequency of perioperative adverse cardiovascular 
events also increases with age. Overall, older patients had 
a twofold increase in the risk for intraoperative adverse 
cardiovascular events; however, this was seen not as a 
contraindication to ambulatory surgery but rather as 
indicating the need for more careful intraoperative man-
agement.50 In contrast, the incidence of postoperative 
complications seems to be reduced in older patients.50,51 
In particular, older patients appear to experience far less 
postoperative pain, dizziness, nausea, and vomiting than 
younger patients50, 52 and do not require a higher rate of 
unplanned admission or readmission. One study suggests 
a reduced incidence of postoperative cognitive dysfunc-
tion in older patients after ambulatory surgery compared 
to similar procedures performed on an inpatient basis,53 
presumably because of the use of short-acting anesthetic 
techniques and reduced separation from their familiar 
home environment.

At the other age extreme, the lower limit for ambula-
tory surgery may vary depending on the expertise and 
specialization of the individual institution. Premature 
babies have a higher risk for postoperative apnea, and 
hence ambulatory surgery may be inadvisable until they 
have reached an appropriate postconceptual age (PCA). 
Evaluation of several historic and retrospective studies 
suggests the risk for postoperative apnea is less than 5% 
once PCA exceeds 48 weeks, provided gestational age 
was at least 35 weeks, the infant was not anemic, and 
no apnea occurred in the recovery room.54 However, 
because considerable variability exists in the incidence of 
apnea and the relatively small sample size of these stud-
ies, the postconceptual age at which risk becomes accept-
ably low is controversial,55 with a value of 60 weeks most 
commonly taken as the cutoff for ambulatory manage-
ment.56,57 Caffeine administration appears to markedly 
reduce the incidence of postoperative apnea in babies 
who were premature,58 but this is not seen as a substitute 
for careful patient selection.56 Spinal anesthesia may offer 
advantages to infants who were premature undergoing 
abdominal surgery in the first week of life, but it is dis-
tressing to the infant and has a high (28%) failure rate.59 
Compared with older studies involving more soluble 
anesthetics, sevoflurane and desflurane were associated 
with lower rates of postoperative apnea after hernia sur-
gery in infants born at less than 37 weeks gestation and 
under 47 weeks PCA.60 Although no airway interventions 
were required to manage apnea, episodes still occurred 
throughout the 12-hour postoperative observation period 
and were equally common with either anesthetic.60

Cardiovascular Disease
Hypertension is the most common cardiovascular disease 
and has been a frequent cause for delay and cancella-
tion of ambulatory surgery. Although hypertension is an 
important risk factor for long-term health, a meta-anal-
ysis of nearly 13,000 patients showed that it increased 
the risk for perioperative complications by only 1.35 
times,61 an amount that may be clinically insignificant. 
In ambulatory surgery patients, hypertension resulted 
in an approximate 2.5-fold increase in the risk for peri-
operative cardiovascular events,51 but these were rela-
tively minor. Hypertension is not an independent risk 
factor for perioperative cardiovascular complications if 
the diastolic pressure is less than 110 mm Hg.62 Higher 
arterial blood pressures may predispose to perioperative 
ischemia, arrhythmias, and cardiovascular lability, but 
no clear evidence indicates that deferring surgery reduces 
perioperative risk. In the United Kingdom, surgery should 
not be canceled solely on the basis of increased arterial 
blood pressure.61 In practice, poorly controlled hyperten-
sion is usually identified at the preoperative evaluation 
and can be treated before surgery is scheduled. Delaying 
surgery until hypertension is controlled is unlikely to be 
beneficial.63

Patients with known hypertension should continue to 
take their chronic medication, especially if these include 
β-adrenergic blockers. Angiotensin-converting enzyme 
inhibitors and angiotensin receptor antagonists are 
sometimes withheld on the morning of surgery to pre-
vent hypotension after induction of anesthesia.64 Yet a 
transient and moderate decrease in arterial blood pressure 
will respond well to intravenously administered fluids 
and vasopressors. As β-adrenergic blockers should not be 
abruptly stopped,65 patients may become less confused if 
they are advised to take all of their cardiac medications 
up to and including the day of surgery.66

Patients are generally unsuitable for ambulatory sur-
gery if they have severe unstable angina that causes 
marked limitation of activity or pain at rest. In the 
absence of complications, such as arrhythmias or ven-
tricular dysfunction, cardiac risk is not decreased beyond 
3 months after myocardial infarction or revascularization 
procedures.67 Exercise tolerance is a major determinant of 
perioperative risk67 and the inability to climb a flight of 
stairs (∼4 metabolic equivalent tasks [METs] of activity) is 
highly predictive (89%) of a postoperative cardiopulmo-
nary complication.68

Patients taking anticoagulants and antiplatelet drugs 
require careful evaluation to balance the risk for periop-
erative bleeding against the risk in withholding therapy. 
For minimally invasive procedures, the international 
normalized ratio can be briefly decreased to the low or 
subtherapeutic range, with the usual dose of oral antico-
agulation resumed immediately after the procedure.65 If 
the risk for bleeding or thromboembolism is high, low-
molecular-weight heparin can be used as bridging ther-
apy.69 Antiplatelet therapy should be continued for the 
recommended intervals in patients with bare metal and 
drug-eluting coronary artery stents, because premature 



discontinuation is associated with a 25% to 30% risk for 
stent occlusion, which in turn has a more than 60% risk 
for myocardial infarction and 20% to 45% risk for death.70

SOCIAL FACTORS

In general, if a patient’s living arrangements were ade-
quate before surgery, they should also be suitable after sur-
gery. Some adaptations may be necessary if the patient’s 
mobility is severely compromised by their procedure—
for example, by the use of casts. Access to a telephone 
to summon assistance is a minimum requirement, but 
is rarely problematic with the ubiquitous availability of 
mobile telephones. Patients usually live within a reason-
able traveling distance of the surgical unit, but this may 
be impractical in rural or sparsely populated areas. Jour-
neys of hundreds or thousands of miles are not unheard 
of in parts of Scandinavia after ambulatory surgery.43 For 
patients who live far away, consideration should be given 
to the provision of emergency care close to home and for 
the comfort of the patient during the journey. Patients 
who choose to travel long distances after ambulatory sur-
gery usually are very satisfied with their care.71 Hospital 
hotels, which provide nearby accommodation but little 
or no nursing care, are a higher-cost alternative for the 
patient and have largely been abandoned as an impracti-
cal option.

A universal safety feature is to require all patients 
having surgery under general anesthesia or sedation 
to be discharged with a responsible adult escort and to 
have someone stay with them for the next 24 hours. If 
the 24-hour companion is mandated, patients often dis-
regard postoperative instructions and send their escorts 
away if they feel well at home.72 In the United States, it 
is standard practice to require that patients who have 
received other than unsupplemented local anesthesia be 
discharged with a responsible adult10; if not, surgery is 
postponed. A Canadian single-institution study reported 
discharging patients alone when their escort fails to 
arrive,73 yet this practice did not appear to increase 
emergency room visits or readmission rates within 30 
days. The Association of Anaesthetists of Great Brit-
ain and Ireland has suggested that an escort may be 
required in most (but not all) cases,42 with exceptions 
when the surgery is relatively minor and anesthesia 
brief so the patient is not compromised by the seda-
tive effects of anesthesia or analgesia by the time of dis-
charge.43 If patients are discharged alone, they should 
not drive themselves home74; several serious accidents 
have occurred, especially after the use of sedative doses 
of benzodiazepines.

PREOPERATIVE ASSESSMENT

THE ROLE OF PREOPERATIVE ASSESSMENT

An effective preoperative assessment process is essential 
for the delivery of safe, high-quality, and efficient ambu-
latory surgery.63 Rather than trying to select specific, low-
risk groups of patients, ambulatory surgery is increasingly 
seen as the default option for a wide range of surgical 
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procedures, with inpatient care chosen only for those 
with insurmountable barriers to early discharge. Other 
than identifying this small group of patients, preoperative 
assessment is primarily required to evaluate and optimize 
patients and to provide appropriate information (Table 
89-2). These assessment and optimization functions can 
be further distilled into two key questions: “Is there any 
benefit to this patient of being in hospital overnight after 
surgery?” and “Is there anything that needs to be done to 
enable this patient to be a day case?”63

MECHANISMS AND TIMING OF 
PREOPERATIVE ASSESSMENT

The timing of preoperative assessment is crucial, because 
it must be done early enough in the pathway to allow for 
any necessary investigations and optimization without 
delaying the planned procedure. This becomes increas-
ingly difficult as the interval between the decision to 
operate and the date of surgery becomes shorter. Ide-
ally, preoperative assessment should immediately follow 
the decision to operate, by providing a “one-stop shop.” 
This type of service, in which preoperative assessment 
immediately follows the surgical consultation, is highly 
valued by patients,75 although it can be difficult to man-
age because of variations in the demand for the service. 
An alternative is to use a basic screening tool to identify 
those patients who can proceed directly to surgery and 
those who require further investigation or management 
(Fig. 89-1).

A case can be made for all patients to be seen in a preop-
erative assessment clinic; however, in practice this places 

TABLE 89-2 THE FOUR KEY FUNCTIONS OF A 
PREOPERATIVE ASSESSMENT AND PREPARATION 
SERVICE FOR AMBULATORY SURGERY

Function Examples

1. Identify absolute 
contraindications to 
ambulatory surgery

Inability to identify a responsible 
caregiver other than for minor 
surgery with full and rapid 
recovery anticipated; severe 
uncorrectable cardiovascular 
disease

2. Identify need for 
optimization

Patient requires further 
investigation, therapeutic 
modification, or intervention 
to improve functional status; 
identify a friend, relative or 
neighbor to act as caregiver

3. Highlight issues for 
anesthesiologist or other 
staff (which may alter 
management but do not 
preclude ambulatory 
surgery)

Potentially difficult intubation 
necessitating advanced airway 
management skills; malignant 
hyperpyrexia–susceptible 
patient requiring trigger-free 
anesthetic; latex allergy; obese 
patient requiring operating 
table/trolley with high weight 
limit and extra width

4. Provide patient 
information

Written information on 
preoperative preparation, 
medication management, 
preoperative fasting, etc.
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a major demand on resources and is also inconvenient for 
patients who may need to take additional time off work. 
Screening allows many patients to undergo assessment 
by telephone or questionnaire, with clinic attendance 
required only if unexpected problems are uncovered or 
if requested by the patient. When telephone assessment 
was chosen for all young healthy patients scheduled for 
minor breast surgery, only 2% of patients had problems 
identified that required further assessment in the ambula-
tory surgery center.76 By using a computerized informa-
tion gathering and triage tool, combined with some basic 
information about the planned procedure, approximately 
one third of ambulatory patients did not need to see an 
anesthesiologist before the day of surgery.77 This approach 
eliminates the need for a face-to-face assessment before 
the day of surgery but does not eliminate an evaluation of 
the patient’s medical information in advance of surgery. 
In contrast, advance face-to-face preoperative assessment 
is more advisable for older patients, in whom multiple 
comorbidities, polypharmacy, and social problems are all 
more likely.78 Early discharge planning is also important 
for older patients, to address environmental issues that 
can be improved to support recovery.79

In the United Kingdom, preoperative assessment is 
usually performed by nurses working closely to protocols 
and supported by anesthesiologists who provide advice 
and personally assess the more complex patients.80 In the 
United States, anesthesiologist-led, protocol-driven pre-
operative assessment is often used for healthy patients 
having minor procedures. However, these preoperative 
evaluation clinics are frequently used in U.S. hospitals, 
not just for ambulatory patients with more complex med-
ical or surgical issues but also for the majority of the inpa-
tient surgery that is admitted on the morning of surgery. 
More complex patients have their anesthesia preassess-
ment performed by an anesthesiologist. A comprehensive 
preoperative history and physical evaluation by a nurse 
practitioner is often also provided in the preoperative 
assessment clinic for the surgeon. Using a nurse practitio-
ner to assist in preoperative evaluation maintains patient 
safety and satisfaction, frees valuable resources, and 
increases staff satisfaction.81 Appropriately trained nurses 
were just as effective as trainee medical staff in detecting 
information likely to influence subsequent patient man-
agement, but they ordered significantly fewer unneces-
sary tests.82

Patients generally rate their preoperative assessment 
clinic experience very favorably, with their greatest con-
cerns relating to waiting times.83 Scheduling appoint-
ments of approximately twice as long for patients of ASA 
physical status grades III and IV than for those of grades 
I and II reduced backlogs and reduced maximum waiting 
times for preoperative assessment to an acceptable level 
of about 10 minutes.84

PREOPERATIVE INVESTIGATION

The history and physical examination remain key ele-
ments of preoperative risk assessment, despite the avail-
ability of more sophisticated technologies.67 In fact, most 
Figure 89-1. Flowchart illustrat-
ing the basic process for selecting 
patients for ambulatory surgery. 
The pathway incorporates a 
screening process for patients 
who may not require a full face-
to-face assessment in the clinic. 
(Modified from Smith I, Ham-
mond C: Day case surgery. In 
Radford M, Williamson A, Evans 
C, editors: Preoperative assess-
ment and perioperative manage-
ment, Cumbria, Calif, 2011, M&K 
Books, with permission.)
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useful information can be obtained from the history, sup-
plemented by simple observation of the patient.85 Basic 
physical examination, such as routine chest auscultation, 
is often considered unhelpful in adult ambulatory surgery 
patients,63,86 because findings that are unaccompanied by 
symptoms or functional limitation do not alter manage-
ment. Although aortic stenosis may remain asymptomatic 
until it is quite severe, chest auscultation may be unreli-
able in its detection. In one high-risk population, 31% of 
patients without a detectable murmur nevertheless had 
some degree of aortic stenosis that was moderate or severe 
in 10% of cases,87 whereas 31% of patients with a sug-
gestive murmur did not have aortic stenosis on echocar-
diography. Ten patients with severe aortic stenosis (valve 
area 1 cm2 or less, gradient 35 to 58 mm Hg) tolerated 
an unmodified anesthesia regimen for electroconvulsive 
therapy on 144 occasions without problems,88 suggesting 
that ambulatory surgical patients with undiagnosed aor-
tic stenosis may not inevitably be at excessive risk, when 
combined with appropriate procedure selection.

It is recognized that routine laboratory investigations 
are unhelpful because they mainly generate false-positive 
results or do not alter subsequent management.89 In addi-
tion, such tests increase costs, are unpleasant and time-
consuming for patients, and may lead to repeat testing 
with even further expense and delays. Consequently, 
many authorities recommend more selective testing, 
based on indications from the patient’s clinical evalua-
tion and demographics.90,91

Because comorbidities become more prevalent with 
age, more preoperative testing may be advocated for 
older patients.91 However, even this may be excessively 
conservative. In patients 70 years of age or older, rou-
tine preoperative blood test results were not predictive 
of postoperative complications.92 Although preoperative 
eletrocardiograms (ECGs) of patients over 50 years of age 
detected abnormalities, such as bundle branch blocks, 
predictive of postoperative myocardial infarction, the 
recordings did not provide additional predictive value to 
that obtained from the patient history.93 One large pilot 
study demonstrated that the elimination of all preop-
erative testing resulted in no increase in adverse events 
in the perioperative period and did not alter the rate of 
unanticipated admission or readmission within 30 days 
compared to indicated testing.94

PATIENT PREPARATION

Preoperative assessment plays a fundamental role in pre-
paring patients for their ambulatory surgery experience. 
This may include ensuring appropriate social support is 
in place, checking that preexisting conditions are opti-
mally treated, and providing information.

PROVISION OF INFORMATION

Patients need to be informed about what will happen on 
the day of surgery, because a well-prepared patient is likely 
to be more relaxed and more satisfied with the service 
provided.63 A well-informed patient is also more likely to 
comply with important instructions and protocols, such 
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as fasting intervals and management of regular medica-
tions. Many patients are disproportionately worried about 
highly unlikely outcomes, such as death and awareness,95 
yet somewhat less concerned about more common con-
sequences such as nausea, vomiting, and postoperative 
discomfort. The preoperative discussion should be able 
to allay the anxiety associated with unlikely risks. It 
was found that a specially designed website with text, 
animation, and video significantly increased patients’ 
knowledge about anesthesia when compared with a com-
bination of verbal and written information.96

Patients should be given specific information, prefer-
ably supplemented in writing, about how to manage their 
usual medications in the preoperative period. Some drugs 
(e.g., warfarin) should be stopped several days before sur-
gery69 and some hypoglycemic agents omitted before sur-
gery.97 However, other important medications should not 
be omitted.66,70

Information about medications should include over-
the-counter and herbal products, which are commonly 
used but often regarded by patients as harmless and safe.98 
Despite some serious consequences and interactions asso-
ciated with herbal medications,99 not all practices specifi-
cally ask and advise patients about these products on a 
routine basis100 (see also Chapter 40).

PREOPERATIVE FASTING

Almost universal agreement now exists that the safe fasting 
interval for clear liquids is no more than 2 hours, in con-
trast to 6 hours for light meals (see also Chapter 38).101,102 
These fasting intervals result in safe gastric volumes even 
in obese adults,103 children,104 and patients with diabe-
tes and gastrointestinal (GI) reflux.102 Indeed, a 2-hour 
interval is probably conservative, given that the stomach 
empties clear fluids exponentially, with a half-time of 
approximately 10 minutes.105

Despite guidelines based on decades of research, imple-
mentation remains poor, with many patients fasting for 
excessive periods and experiencing significant discom-
fort.106,107 Rather than focusing on a minimum fasting 
time, patients should be encouraged to keep drinking 
until the latest time necessary for safety to reduce preop-
erative dehydration and its associated consequences.102 
In practice, this may mean asking patients to have a drink 
just before they leave home or even providing a drink on 
arrival if surgery is still more than 2 hours away. Advising 
patients to drink on the morning of surgery also makes it 
easier for them to take their medications. Practices such 
as chewing gum before surgery also may not be as harm-
ful as previously suspected. No evidence exists of a clini-
cally important increase in gastric volume associated with 
gum chewing in adults,102 although in children it may 
promote gastric emptying and could also serve as a useful 
route for premedication108 (see also Chapters 92 to 95 in 
the section on pediatric anesthesia).

Besides feelings of thirst and hunger, excessive fasting 
also results in hypoglycemia in significant numbers of 
patients, with 14% of fasted healthy female ambulatory 
surgical patients having an admission blood glucose value 
of 45 mg/dL (2.5 mmol/L) or less.109 Preoperative oral 
carbohydrates have been shown to improve subjective 
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well-being, reduce thirst and hunger, and reduce postop-
erative insulin resistance, although convincing evidence 
of reduced length of stay is lacking.102

PREMEDICATION

Premedication traditionally refers to the administration 
of medications to relieve anxiety before surgery. How-
ever, the term encompasses any medication given in the 
preoperative period and therefore includes prophylactic 
analgesia and antiemesis agents, as well as drugs used to 
promote gastric emptying or counteract acid secretions.

Management of Anxiety
The use of anxiolytic premedication is now uncommon 
in ambulatory anesthesia,110,111 probably because of con-
cerns that these medications will delay recovery. In fact, 
a recently updated meta-analysis found no evidence that 
anxiolytic premedication delayed the discharge of ambu-
latory patients, although impaired performance in some 
tests of psychomotor function was found and the authors 
questioned the relevance of some of the older studies to 
modern ambulatory practice now that short-acting anes-
thetics are the norm.112

Anxiety is nevertheless common in ambulatory surgery 
patients,110 with up to two thirds showing symptoms. A 
preoperative visit by an anesthesia provider reduces pre-
operative anxiety, but only if conducted immediately 
before surgery, rather than in the ambulatory surgery unit 
or in a preoperative clinic.113 This finding must be treated 
with caution, however, because anxiety was high in all 
groups from this atypical population, with high stress lev-
els and little of the usual perioperative family support.113 
Other studies have shown that a preoperative consulta-
tion more than 2 weeks before surgery can reduce patient 
anxiety and improve satisfaction, especially if the anes-
thesiologist was perceived as empathic.114 Patient satis-
faction was further improved when their intraoperative 
care was provided by the same anesthesiologist who per-
formed the preoperative consultation.114

Anxiolytic Premedication
Given the high levels of reported anxiety, doubtless some 
patients will benefit from anxiolytic premedication, but 
what is the optimal regimen? Oral midazolam provided 
more anxiolysis than temazepam but also produced 
more sedation and amnesia, resulted in more overse-
dated patients, and delayed recovery.115 Oral alprazolam 
produced comparable anxiety reduction to midazolam 
without causing amnesia,116 but it also caused greater 
impairment of psychomotor function in the early post-
operative period. Neither premedication delayed clinical 
recovery, but this may be a relatively crude assessment 
tool, because recovery primarily depends on other fac-
tors. Intravenous (IV) midazolam given shortly before 
induction of anesthesia reduced both anxiety and postop-
erative nausea.117 Yet such relatively late administration 
will not reduce anxiety while the patient waits preop-
eratively and is more akin to a coinduction technique, 
which will be considered later. Intravenously adminis-
tered midazolam may be useful in a patient who needs to 
have an uncomfortable procedure before surgery, such as 
mammographic needle localization, in which satisfaction 
with both the procedure and subsequent breast biopsy 
was improved.118

Anxiolytic premedication may have other possible 
advantages. Oral midazolam reduced preinduction of 
anesthesia heart rate and arterial blood pressure and also 
reduced the propofol dose required for induction of anes-
thesia119; however, the perception of anxiety was not 
reduced. Intramuscular midazolam improved self-reported 
postoperative psychological and pain recovery,120 whereas 
oral diazepam reduced urinary catecholamine and cortisol 
levels in ambulatory surgical patients.121 The clinical sig-
nificance of these findings is unclear.

Premedication is more commonly used in children 
(see also Chapter 93). Premedication with oral midazolam  
0.2 mg/kg reduced emergence agitation associated with 
sevoflurane anesthesia without significant delay in recov-
ery,122 and even a dose of 0.5 mg/kg does not delay recov-
ery.123 However, other patients have experienced delayed 
recovery at this dose124,125 while not always having a reduc-
tion in anxiety.125 Premedication with oral midazolam 
may itself provoke anxiety in children, but giving the child 
a small toy to play with first was effective in reducing this 
anxiety.126 Unfortunately, the effect of the toy as an alter-
native to midazolam was not evaluated. Play therapy and 
distraction can be powerful tools in preventing anxiety in 
children, although achieving an adequate effect may require 
quite an elaborate approach. When two professional per-
forming artists dressed as clowns entertained children dur-
ing the preinduction period, using a variety of techniques 
including magic tricks, gags, music, games, puppets, word 
games, and soap bubbles, preoperative anxiety was reduced 
far more than could be achieved by midazolam premedi-
cation or the presence of a parent.127 A preoperative edu-
cational program portrayed as a “Saturday morning club” 
also reduced anxiety,128 although the authors questioned 
whether the benefits achieved were worth the time and 
resources required. A simpler and highly effective approach 
is to allow children to watch age-appropriate video clips or 
movies during anesthetic induction with IV (South Korea) 
or inhaled (Canada) techniques.129,130

Because of variable efficacy and the potential for 
delayed recovery, alternatives to benzodiazepine premed-
ication have been sought. In children, oral transmucosal 
fentanyl reduced preoperative anxiety and postoperative 
agitation, but a high incidence of predictable side effects, 
such as postoperative nausea and vomiting (PONV) and 
delayed discharge, limited its usefulness.131 Selective α2-
adrenergic agonists have potentially useful sedative and 
analgesic effects, yet despite years of study they still have 
no clearly defined role in ambulatory surgery in which 
their advantages outweigh the risks for adverse events.132 
Clonidine is commonly used in pediatric practice, par-
ticularly to reduce agitation during emergence,133 but the 
promising results of clinical trials do not always translate 
well into routine clinical practice and its effects on induc-
tion anxiety are less persuasive.134

Analgesic Premedication
Ambulatory patients are commonly premedicated with 
prophylactic oral analgesia in the expectation of achieving 
analgesic levels in the early postoperative period. Because 
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the duration of action of acetaminophen (paracetamol) 
is relatively short (4 to 6 hours), it is unlikely to provide 
worthwhile postoperative analgesia, other than for an 
extremely short procedure. When patients received oral 
acetaminophen 1 g an hour before arthroscopic knee sur-
gery, barely a third had plasma levels in the therapeu-
tic analgesic range 30 minutes after arriving in recovery, 
whereas therapeutic levels were consistently achieved 
with intraoperative IV administration.135

The nonsteroidal antiinflammatory drugs (NSAIDs) 
are consistently more effective as analgesic premedi-
cants. Some evidence indicates that NSAIDs have a small 
preemptive analgesic effect (i.e., they achieve a superior 
effect if given before rather than after surgery),136,137 
although one of the studies most strongly supporting this 
conclusion has recently been called into question.138 Pre-
operative parecoxib followed by postoperative valdecoxib 
significantly reduced the opioid analgesic requirements 
and the incidence of opioid-related adverse effects after 
laparoscopic cholecystectomy.139 As well as providing 
effective postoperative analgesia, etoricoxib premedica-
tion had an anesthetic-sparing effect during ambulatory 
ankle surgery.140 Using a common dental model of post-
operative pain, preoperative ibuprofen, diclofenac, and 
acetaminophen with codeine effectively controlled early 
postoperative pain.141 Similarly, rofecoxib and ketoro-
lac were equally effective in controlling postoperative 
pain after ambulatory surgery,142 as were ibuprofen and 
ketorolac.143 Sustained-release preparations of NSAIDs 
improve convenience by allowing earlier preoperative 
administration and a prolonged postoperative effect. 
Modified-release ibuprofen 1.6 g delayed the time until 
rescue analgesia was required after ambulatory third 
molar surgery in contrast to standard ibuprofen.144

Selective cyclooxygenase-2 (COX-2) inhibitors are no 
more effective and offer few advantages over traditional 
NSAIDs in ambulatory surgery, although they may be 
preferred by surgeons. Despite any inhibition of platelet 
function, the amount of blood loss seen during high-
risk surgery, such as tonsillectomy, was not reduced in 
comparison to nonselective NSAIDs.145,146 Attempts to 
limit GI adverse effects, which are rare in acute use, has 
introduced other side effects and led to some drugs being 
withdrawn.147 Selective COX-2 inhibitors may be better 
tolerated in patients with aspirin-sensitive asthma.148

Several other drugs have been evaluated for premedi-
cation. Controlled-release oxycodone did not improve 
pain scores or reduce opioid requirements within 24 
hours of ambulatory gynecologic laparoscopic surgery.149 
In combination with ibuprofen, pregabalin 150 mg 
reduced median pain scores at rest and in motion after 
gynecologic laparoscopic surgery, but did not reduce 
postoperative analgesic requirements.150 Perioperative 
administration of pregabalin 75 mg provided short-lived 
pain reduction after laparoscopic cholecystectomy, and 
a meta-analysis confirmed limited analgesic benefit, no 
reduction in opioid side effects, and increased sedation 
from its use.151 Even less effective was pretreatment with 
magnesium sulfate 4 g, which had no impact on postop-
erative pain or analgesic consumption in patients under-
going ambulatory ilioinguinal hernia repair or varicose 
vein surgery.152
Prophylactic Antiemetics
Patients at moderate-to-frequent risk for PONV should 
receive prophylactic antiemetics, which may be given 
after induction of anesthesia or as premedication, 
depending on the specific drug (see also Chapter 97). Pre-
operative steroids can provide both analgesic and anti-
emetic prophylaxis. Premedication with dexamethasone 
improved the quality of recovery with reduced nausea, 
pain, and postoperative opioid consumption and better 
return to normal activities after ambulatory gynecologic 
laparoscopic surgery,153 but to achieve all these benefits 
required a dose of 0.1 mg/kg rather than the much less 
effective 0.05 mg/kg. For adults, this is approximately 
8 mg of dexamethasone, which improved quality of 
recovery through reduced nausea, pain, and fatigue after 
ambulatory laparoscopic cholecystectomy.154 The long-
term side effect profile of this dose of dexamethasone has 
not yet been evaluated.

Antacid and Gastrokinetic Premedication
The incidence of aspiration of gastric contents is infre-
quent in fasted elective surgical patients. Despite improve-
ments in several surrogate measures, insufficient evidence 
exists of clinical benefit (i.e., a reduction in morbidity or 
mortality from aspiration) to recommend the routine use 
of antacids, metoclopramide, H2-receptor antagonists, or 
proton pump inhibitors before elective ambulatory sur-
gery.101,102 Patients who are receiving these medications 
chronically should take them before surgery. Patients 
who regularly suffer from significant acid reflux in the 
fasted state will also benefit from the head-up tilt position 
during induction of anesthesia. This approach also may 
be useful in the super-morbidly obese patient undergoing 
bariatric surgery, in whom the use of prophylactic proton 
pump inhibitors and sodium citrate may be considered.46

ANESTHETIC TECHNIQUES

CHOICE OF TECHNIQUE

Ambulatory surgery requires the same basic standards as 
inpatient surgery in terms of facilities, staffing, and provi-
sion of equipment for delivery of anesthetic drugs, moni-
toring, and resuscitation. Quality, safety, efficiency, and 
the cost of drugs and equipment are all important consid-
erations in choosing an anesthetic technique for ambula-
tory surgery. The choice of specific anesthetic drugs or 
techniques should enable appropriate and controllable 
intraoperative conditions followed by rapid recovery 
with minimal side effects and a prompt return to normal 
psychomotor activity. Achieving these aims also requires 
careful attention to the details of analgesia, antiemesis, 
and fluid management and requires experienced staff to 
deliver a high-quality, efficient, and cost-effective service.

No single ideal anesthetic drug or technique for ambu-
latory surgery exists, and the choice depends on both sur-
gical and patient factors. General anesthesia commonly 
remains the most popular technique with both patients 
and surgeons, in some cases despite clear benefits of local 
or regional anesthetic techniques.155 Spinal anesthesia 
can be useful for lower extremity and perineal procedures, 
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but must be modified for use in the ambulatory setting 
by the use of low-dose techniques156,157 or short-acting 
drugs158 to prevent delays in discharge because of residual 
motor or sympathetic block. Infiltration of local anesthe-
sia, peripheral nerve blocks, or both facilitate the recovery 
process by reducing postoperative pain and minimizing 
the need for opioid analgesics after general anesthesia 
and should be used whenever possible. Many ambulatory 
procedures also can be performed using local anesthetic 
techniques, supplemented, if necessary, with sedatives, or 
analgesic drugs, or both.

GENERAL ANESTHESIA

General anesthesia remains a popular choice with 
patients, surgeons, and anesthesia providers. Induction 
of general anesthesia is typically achieved with a rapid 
and short-acting IV anesthetic, although inhaled induc-
tion is often used in children and needle-phobic adults. 
IV drugs are also popular for maintenance of anesthesia, 
especially where the availability of target controlled infu-
sion (TCI) systems simplifies delivery,159 but the use of 
short-acting inhaled anesthetics, with or without nitrous 
oxide, is more common. No single anesthetic technique 
is clearly superior for ambulatory surgery. Other factors, 
such as the experience of the anesthesiologist, the use of 
adjuvant drugs, and the art of anesthesia, are still impor-
tant to deliver the best quality care.160

INTRAVENOUS ANESTHESIA

Methohexital is occasionally used to induce anesthesia 
for ambulatory surgery in the United States, especially 
when propofol is in short supply, but is possibly no lon-
ger available in the United Kingdom. Thiopental results 
in prolonged postoperative sedation, especially after 
repeat administration for maintenance of anesthesia, and 
has little or no role in ambulatory anesthesia. The same 
applies to benzodiazepines and ketamine when used at 
the doses needed to induce general anesthesia. Etomidate 
is associated with myoclonus, pain on injection, and a 
high incidence of PONV. Although reformulation in a 
lipid solvent can reduce some of these disadvantages,161 
persisting concerns about suppression of adrenal ste-
roidogenesis162 have curtailed its use. The search for new 
and improved IV anesthetic drugs continues, with several 
promising compounds under evaluation.163,164 However, 
for now, propofol remains the most practical IV anes-
thetic for ambulatory anesthesia.

Propofol
Propofol has many of the properties of an ideal anesthetic 
induction drug and is popular because it rapidly and 
smoothly induces anesthesia without airway irritation 
and results in a rapid recovery with an infrequent inci-
dence of PONV165 and a clear head. Propofol does have 
some disadvantages, however, including pain on injec-
tion, involuntary movements, transient apnea, and hypo-
tension after induction of anesthesia. Numerous strategies 
have been proposed to reduce pain on injection, of which 
the most effective are the use of a large antecubital vein or 
pretreatment with lidocaine in conjunction with venous 
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cclusion.166 Alternative preparations of propofol, such 
s those containing bisulfite167 or comprising medium- 
nd long-chain triglycerides,168,169 have had a modest or 
egligible effect in reducing injection pain, whereas some 

ormulations significantly increase pain.170 The addition 
f lidocaine remains more effective at reducing pain than 
he choice of propofol formulation.171

Some of the adverse effects of propofol can be mini-
ized by reducing the propofol dose by coinduction with 

djuvant drugs, the most common being midazolam. Pre-
reatment with midazolam 0.1 mg/kg allowed anesthesia 
o be induced with a decreased propofol dose and also 
ttenuated the resultant hemodynamic changes.172 A 
ubstantial decrease in the propofol dose can be achieved 
ven when midazolam is administered up to 10 minutes 
efore induction of anesthesia, a technique that also 
an make the induction experience for the patient more 
leasant.173 However, this approach may delay recovery. 
idazolam 0.03 mg/kg, halved the required propofol 

ose but significantly impaired psychomotor recovery, 
ven though awakening times were not delayed.174 Coin-
uction with short-acting opioids, such as alfentanil, 
an improve the quality of induction and ease of laryn-
eal mask airway (LMA) insertion, but at the expense of 
n increased incidence of hypotension and prolonged 
pnea.175 Similarly, fentanyl reduced propofol dose and 
mproved conditions for LMA insertion, but also pro-
onged respiratory depression.176 Furthermore, the use of 
 μg/kg177 or fixed doses of 75178 to 100 μg179 of periopera-
ive fentanyl increase the incidence of PONV. Giving an 
nitial bolus of 30 mg of propofol reduced the total pro-
ofol induction dose to a degree similar to that achieved 
y 2 mg of midazolam.180 This technique, which has been 
ermed propofol autocoinduction,181 can reduce propofol 
ose and hypotension to a degree comparable to that with 
idazolam pretreatment but without delaying recovery.
The pharmacokinetics of propofol allow it to be used 

s a variable rate infusion to maintain anesthesia, either 
n association with N2O or combined with alfentanil 
r remifentanil as total intravenous anesthesia (TIVA). 
ecovery after anesthesia maintained with propofol is 
ypically no faster compared to volatile anesthetics after 
n induction dose of propofol,165 and initial awakening 
ay be delayed compared to that with the shorter-acting 

nhaled anethetics.189 These differences in emergence 
imes are no more than 2 to 3 minutes182 and so not of 
linical significance. Recovery to home readiness may 
ccur up to 15 minutes sooner after propofol than iso-
urane but is no faster than sevoflurane or desflurane.182 
ne consistent feature of propofol anesthesia is a less fre-
uent incidence of PONV in contrast to the use of inhaled 
nesthetics.165,182,183 However, even this benefit has been 
escribed as of doubtful clinical relevance, except when 
he baseline incidence of PONV is very frequent.183 The 
eduction in PONV achieved by TIVA, specifically the 
se of propofol and the omission of N2O, was similar 
o that produced by the use of single-drug antiemetic 
rophylaxis.184

Delivery of propofol is increasingly performed by 
CI, which is commercially available in most countries 
xcept the United States.159 In contrast to manual infu-
ions, TCI makes the delivery of propofol easier, with 
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fewer interventions required by the anesthesiologist.185 
However, it does not improve the quality of anesthesia, 
shorten recovery time, or reduce adverse events185,186; 
although the quality of trials performed to date is poor, 
TCI systems calculate the predicted plasma propofol con-
centration and considerable variation exists between 
this and the actual measured value.186 Further sources of 
error are introduced when the effect site, rather than the 
plasma concentration, is targeted.187 Currently two differ-
ent pharmacokinetic models are in commercial use, both 
derived from healthy subjects. The choice of model may 
make relatively little difference in the young, fit patient, 
but performance differs considerably in older patients187 
and neither model is reliable in the morbidly obese.187,188

INHALED ANESTHETICS

Volatile anesthetics remain the most popular choice for 
the maintenance of ambulatory anesthesia because of 
their ease of administration, controllability, and rapid 
emergence. Halothane and enflurane are now of his-
torical interest only, and use of isoflurane has declined 
considerably as less-soluble, shorter-acting drugs have 
become available.

Sevoflurane
The low solubility and minimal airway irritation of sevo-
flurane make it a readily controllable, short-acting anes-
thetic for ambulatory surgery.189 In contrast to isoflurane, 
sevoflurane resulted in significantly earlier awakening 
and orientation, caused less postoperative drowsiness, 
and facilitated earlier discharge by an average of 25 min-
utes.182 Compared to propofol, orientation occurred ear-
lier but the time to home readiness was similar.182 The 
lack of airway irritation with sevoflurane means that 
rapid increases in inspired concentration are well toler-
ated,190 facilitating control of anesthetic depth. This is in 
contrast to the cough reflex191 and transient increases in 
heart rate and blood pressure, which sudden changes in 
isoflurane or desflurane concentration may provoke.192

Lack of airway irritation makes sevoflurane almost ideal 
for inhaled induction, which may be especially desirable 
in children and needle-phobic adults.189 An 8% bolus 
induction of sevoflurane in adult patients can be faster 
than with propofol, with a similar rate of different side 
effects.193 Sevoflurane induction also caused significantly 
less depression of mean arterial pressure than propofol 
in older patients and was equally as well accepted as an 
induction choice.194 Using sevoflurane for volatile induc-
tion and maintenance of anesthesia (VIMA) has several 
benefits for ambulatory patients, but is associated with 
a greater incidence of PONV than when propofol is used 
for induction, maintenance, or both of anesthesia.189 
This appears to be in part due to coadministered opioids, 
which are rarely needed with VIMA, because omitting the 
opioids minimizes the problem.177,193,195 In children, the 
rapid emergence from sevoflurane (and desflurane) anes-
thesia is associated with a high incidence of emergence 
delirium, especially if inadequate measures are in place to 
control postoperative pain.196 Numerous strategies have 
been evaluated to reduce emergence delirium. Midazolam 
premedication is ineffective, but supplemental use of 
fentanyl 1 μg/kg, propofol, ketamine, and α2-adrenergic 
agonists all reduce agitation to some degree.133 Although 
emergence delirium is undesirable, it is not associated 
with any long-term consequences and does not delay 
recovery room discharge.197

Desflurane
With its low blood solubility, desflurane should be an 
ideal anesthetic for ambulatory anesthesia. However, 
meta-analysis of 25 randomized studies showed that 
patients receiving desflurane followed commands, had 
their trachea extubated, and were oriented only 1.0 to 
1.2 minutes earlier than those receiving sevoflurane for 
up to 3.1 hours.198 No differences were found in recovery 
room stay199 or incidence of PONV.198 Concerns about 
the more frequent incidence of airway irritation with 
desflurane may limit the rapidity with which anesthetic 
depth can be altered,192 although relatively few problems 
were encountered in patients spontaneously breathing 
desflurane through an LMA when coadministered with 
fentanyl.200,201 Although desflurane has lower fat solu-
bility than sevoflurane, the rate of diffusion into the 
fat compartment is extremely slow with either inhaled 
anesthetic; therefore, lower fat solubility does not make 
the case for use of desflurane as the ideal agent for mor-
bidly obese patients unless procedure length is very long. 
In practice, some studies of ambulatory surgery in the 
morbidly obese have found more rapid recovery after 
desflurane than sevoflurane,202 whereas others found 
emergence and recovery to be similar with either drug.203

ANESTHETIC ADJUVANTS

Some adjuvant drugs are frequently administered to sup-
plement the effects of general anesthesia and in an effort 
to reduce adverse effects.

Nitrous Oxide
Although N2O is by far the oldest anesthetic drug still in 
use, its role is regularly questioned. N2O is weakly emeto-
genic, yet its omission only significantly decreases vomit-
ing when the baseline incidence is high and has no effect 
on nausea or the complete control of PONV.204 This may 
be because the alternatives, specifically a higher inhaled 
anesthetic concentration or the use of supplemental opi-
oids, also induce PONV. In addition, the risk for aware-
ness resulting from the omission of N2O is of a magnitude 
similar to any reduction in PONV,204 somewhat reduc-
ing the usefulness of this strategy. N2O retains a place in 
modern ambulatory anesthesia because its use improves 
the quality and safety of induction of anesthesia, facili-
tates faster recovery, and reduces overall costs.205

Opioid Analgesics
The indiscriminate use of opioid analgesics should be 
discouraged in ambulatory surgery to avoid PONV and 
unplanned admission.206,207 Although long-lasting drugs 
such as morphine are especially detrimental, even the 
ultra–short-acting opioid remifentanil resulted in a 35% 
incidence of PONV when used with desflurane and mul-
timodal prophylaxis, compared with only 4% when 
all opioids were avoided.208 For minor to intermediate 
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ambulatory surgery procedures, the routine adminis-
tration of as little as 1 μg/kg of fentanyl serves only to 
increase the incidence of PONV,209 and its omission does 
not worsen postoperative pain, provided prophylactic 
analgesia is ensured with local anesthetic infiltration and 
preoperative NSAIDs.177 However, small doses of fentanyl 
may be useful to provide additional analgesia toward the 
end of more painful procedures.

Opioids are an essential component of TIVA, but the 
antiemetic effect of propofol minimizes the incidence 
of PONV in contrast to the use of the same opioid with 
inhaled anesthetics.210 Compared to alfentanil, remifent-
anil provides more effective suppression of intraoperative 
responses without prolonging awakening.211

Nonopioid Analgesia
For longer or more invasive procedures, IV acetamino-
phen given toward the end of surgery also can have a 
beneficial effect,135,212 comparable to that of the opioid 
tramadol.213 In a laboratory pain model using volun-
teers, the analgesic effect of acetaminophen was inhib-
ited by commonly used 5-HT3 antiemetic drugs, such as 
ondansetron and tropisetron.214 However, a more recent 
study confirmed that no discernible interactions occurred 
under typical clinical conditions of use.215 For shorter 
procedures, acetaminophen can be given orally before 
the anesthetic, at much lower cost.

Cardiovascular Drugs
Although intraoperative hemodynamic disturbances 
are usually managed by increasing the primary anes-
thetic concentration, administering an opioid analge-
sic, or both, it may be more appropriate to treat these 
responses with cardiovascular drugs. Using an infusion 
of esmolol as an alternative to alfentanil to control heart 
rate reduced emergence times after arthroscopy,216 and 
substituting esmolol for remifentanil reduced nausea 
after gynecologic laparoscopy.208 Using a combination 
of esmolol and nicardipine to blunt increases in heart 
rate and arterial blood pressure, respectively, prevented 
the need for increases in inspired anesthetic concentra-
tion and consequently shortened emergence and recov-
ery times.217 Ambulatory patients who received esmolol 
intraoperatively for hemodynamic control also had sig-
nificantly smaller requirements for postoperative opioid 
analgesia.217,218 Administration of a continuous infu-
sion of esmolol during laparoscopic gynecologic surgery 
reduced sevoflurane consumption by 18%, shortened 
recovery room stay, reduced postoperative pain scores, 
and reduced fentanyl requirements.219 In a similar study, 
an esmolol infusion decreased intraoperative remifent-
anil requirements and again resulted in lower postopera-
tive pain scores and halved the dose of rescue fentanyl.220 
Labetalol may be a cost-effective alternative to esmolol 
for longer cases, especially in older patients, in whom it is 
less likely to cause inadvertent hypotension.221

Neuromuscular Blocking Drugs
Neuromuscular blocking drugs (NMBDs) may be used in 
ambulatory anesthesia to facilitate endotracheal intuba-
tion or to provide profound surgical relaxation (see also 
Chapter 34). Although several of the available compounds 
are suitable, muscle pain after administration of succi-
nylcholine and concerns about residual neuromuscular 
block from intermediate-duration NMBDs after brief pro-
cedures have fueled the search for alternatives. The search 
for a nondepolarizing equivalent to succinylcholine has 
been unsuccessful. The most promising candidate to 
date, rapacuronium, was withdrawn from clinical use 
because of a frequent incidence of severe bronchospasm, 
although other factors such as inconvenient administra-
tion, declining use of endotracheal intubation, and large 
costs also contributed to its lack of commercial success.222 
The search for a rapid-onset, short-acting nondepolarizing 
NMBD continues with investigation of several fumarate 
compounds, which can be antagonized by l-cysteine.223

An alternative to short-acting NMBDs is terminating 
the neuromuscular blockade with sugammadex, which 
can rapidly and completely reverse rocuronium (or 
vecuronium) independent of the degree of residual neu-
romuscular block224 (see also Chapter 35). Sugammadex 
is used in multiple countries outside the United States, 
but it is very expensive compared to neostigmine. Cur-
rently no reliable evaluations have been done on the cost-
effectiveness of sugammadex in routine clinical practice. 
Although improved recovery times resulting from the 
elimination of residual neuromuscular block by sugam-
madex may potentially be cost-effective, this depends 
on the productivity of staff during the time saved and 
would probably require major changes to the workflow 
for actual benefits to be realized.224

Endotracheal intubation also can be achieved without 
the use of NMBDs, thereby avoiding all of their adverse 
effects. This practice is most common in children, for pro-
cedures in which airway protection is required but not 
prolonged muscle relaxation (see also Chapter 93). The 
optimum technique depends on personal experience and 
preference, but most commonly involves deep sevoflu-
rane anesthesia225 or propofol supplemented by remifen-
tanil or alfentanil.226 For adults, a dose of remifentanil 
3 μg/kg with propofol 2 mg/kg is recommended,227 but 
satisfactory conditions can be obtained with remifentanil 
2 μg/kg, thereby reducing the side effects of bradycardia 
and hypotension.

AIRWAY MANAGEMENT

Many ambulatory surgical patients can be managed with 
an LMA, which results in a significantly less frequent 
incidence of sore throat, hoarseness, coughing, and 
laryngospasm compared to inserting a tracheal tube.228 
The LMA can occasionally cause pressure trauma to 
a variety of cranial nerves, in particular the recurrent 
laryngeal nerve, whereas hoarseness and vocal cord inju-
ries are common after the use of endotracheal intubation 
during short-term anesthesia.229 The LMA is relatively 
easy to insert with patients in the prone position,230 
making it a simple way of managing procedures such as 
pilonidal sinus repair or surgery to the short saphenous 
vein. Patients undergoing minor-to-intermediate surgery 
using a TIVA technique may sometimes receive oxygen 
through a simple Hudson-type mask (Fig. 89-2),207 but 
most patients require a more secure form of airway such 
as an LMA.



 
 

 
 

 
 

 
 
 

 
 

 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 

Traditionally, endotracheal intubation has been advo-
cated for laparoscopic procedures and surgery in obese 
patients, but further development of the LMA and more 
confidence in its use may be changing this. The ProSeal 
LMA (LMA, San Diego, Calif) has been modified to pro-
vide increased seal pressure, reduce gastric inflation, pro-
vide for gastric drainage, and, therefore, allow potentially 
better protection against aspiration of gastric contents 
while maintaining similar insertion characteristics.231 At 
least one large consecutive series by an experienced user 
appears to support these benefits in routine clinical prac-
tice, without the constraints of a clinical trial.232 During 
laparoscopic cholecystectomy, the ProSeal LMA provided 
adequate pulmonary ventilation without gastric disten-
tion in nonobese patients, although it was somewhat less 
effective than endotracheal intubation in the obese.233 
A useful clinical benefit is considerably smoother emer-
gence with significantly less coughing. Use of the LMA for 
laparoscopic cholecystectomy remains controversial,234 
however, until the true incidence of regurgitation and the 
ability of the ProSeal LMA to protect against aspiration is 
better established.

Provided safety can be ensured, avoiding endotracheal 
intubation by using the ProSeal LMA for laparoscopic 
surgery appears to offer considerable advantages. In lapa-
roscopic gynecologic procedures, the ProSeal LMA was 
associated with lower pain scores at 2 and 6 hours, with 
reduced analgesic requirements and less nausea at the 
same assessment points.235 Similarly, in females undergo-
ing gynecologic laparoscopic or breast surgery, it reduced 
the absolute risk for PONV by 40% and also reduced 
sore throats, analgesic requirements, and recovery room 
stay.236 During laparoscopic gastric banding, the ProSeal 
LMA reduced the intraoperative stress response and also 
shortened recovery room stay and hospital discharge.237

Since the LMA patents expired, many manufacturers 
have introduced similar designs, but often using different 
materials to produce a low-cost disposable product. Often 

Figure 89-2. Patient receiving total intravenous anesthesia sponta-
neously breathing oxygen through a Hudson mask. (From Stocker ME, 
Philip BK: Adult general anaesthesia. In Smith I, McWhinnie D, Jack-
son I, editors: Oxford specialist handbook of day surgery, London, 2011, 
Oxford University Press, p. 63, with permission.)
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little or no data are available on the effectiveness or safety
of these generic products.238 Furthermore, the success of
the LMA led to the development of many new supraglot-
tic airways of myriad designs. Some of these may offer
advantages in ambulatory surgery,239 although little or
no comparative data exist with the LMA. The manufac-
turers of new airways are currently able to market these
without comparative trial data being available, because
most of the regulatory requirements relate to manufac-
turing process and quality control, rather than efficacy
and safety in clinical use.240 Where comparative trials or
case series do exist, they often lack power to provide a
reliable estimate of the device’s failure rate.241 Compara-
tive studies in children are even less common.242 Anes-
thesiologists should therefore be wary of the claims made
for new airway devices until they have been adequately
evaluated.243

REGIONAL ANESTHESIA

Spinal Anesthesia
The use of spinal anesthesia makes ambulatory surgery
accessible to some patients for whom the risks of general
anesthesia are excessive (see also Chapters 56 and 57).
It also increases patient choice, allows participation in
intraoperative decision making (e.g., in sports injuries),
and provides beneficial postoperative analgesia. Various
ambulatory surgical procedures, such as prostatectomy,
female incontinence surgery, and ankle and foot surgery,
are well suited to spinal anesthesia.

The profuse availability of fine-gauge, pencil-point
spinal needles has reduced the incidence of significant
postdural puncture headache to 0.5% to 1%.244,245 The
main challenge now is to prevent prolonged motor block
or impairment of joint position sense from delaying dis-
charge. Although lidocaine has an appropriate duration
for ambulatory surgery, its use in spinal anesthesia has
virtually ceased as a result of a high incidence of transient
neurologic syndrome (TNS).246 Until recently, bupiva-
caine was the most obvious alternative, being devoid of
TNS, but causing unacceptable delays in home discharge
if used in standard doses.

For its acceptance in ambulatory surgery, bupivacaine
spinal anesthesia needs to be “modified.”247 Reducing
the dose of bupivacaine shortens recovery, whereas the
use of patient positioning or the addition of adjuvants,
such as fentanyl, ensures adequate analgesia for surgery.
These techniques can be summarized as selective spinal
anesthesia (SSA), defined as “the practice of employing
minimal doses of intrathecal agents so that only the
nerve roots supplying a specific area and only the modali-
ties that require to be anaesthetised are affected.”248 SSA
provides analgesia suitable for surgery, and light touch,
temperature, proprioception, motor, and sympathetic
function are all preserved.248 This results in remarkable
cardiovascular stability but can make the block difficult
to test, and patient cooperation is important to the suc-
cess of this technique.

A variety of SAA regimens have been described,157 which
typically permit discharge within a little over 3 hours after
surgery.249 The addition of fentanyl marginally delays
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recovery and is associated with pruritus249 (although most 
cases do not require treatment), but also reduces postop-
erative pain and analgesic requirements.250 For unilateral 
knee arthroscopy, 4 to 5 mg of hyperbaric bupivacaine 
appears to be sufficient without adjuvants, provided the 
patient is kept in the lateral position.250 Clonidine has 
also been used to supplement low-dose spinal anesthesia, 
but it may prolong motor block, exacerbate hypotension, 
and delay voiding.132

Spinal anesthesia may contribute to postoperative uri-
nary retention. This is uncommon in low-risk patients, 
but may be more likely in older patients, with certain 
procedures and when more than 7 mg of bupivacaine is 
used.247 The risk for urinary retention is particularly high 
after inguinal hernia surgery,251 but simple infiltration 
anesthesia is often sufficient for this procedure and may 
be a more appropriate choice.155,252

New Drugs for Ambulatory  
Spinal Anesthesia
With the increasing popularity of ambulatory spinal 
anesthesia, some older local anesthetics have been reeval-
uated and, in some countries, marketed for spinal use. 
Of these, prilocaine, procaine, articaine, and 2-chloro-
procaine appear the most promising, with mepivacaine 
largely discounted because of a high incidence of TNS.158 
Hyperbaric prilocaine has a faster onset and shorter dura-
tion than the plain preparation, with patients receiving 
40 mg of 2% hyperbaric prilocaine being home ready in 
208 ± 68 minutes.253 This is comparable to discharge times 
reported with low-dose bupivacaine plus fentanyl,249 
although 13% of the patients receiving hyperbaric prilo-
caine required supplementation for inadequate analgesia 
toward the end of surgery, which was scheduled to last 
for less than an hour.253 The duration of 2-chloroprocaine 
is even shorter, with recovery being significantly faster 
than that of low-dose bupivacaine254 or articaine158 and 
comparable to that of lidocaine.255 Indeed, some have 
questioned whether the duration may be too short, espe-
cially where teaching and other logistical factors prevent 
surgery being undertaken in a predictably rapid time.256

Ambulatory spinal anesthesia that relies on short-act-
ing local anesthetics should be compared with the cardio-
vascular stability of SSA. Prilocaine 20 mg combined with 
20 μg fentanyl was associated with a lower incidence of 
clinically significant hypotension compared with bupiva-
caine 7.5 mg with fentanyl 20 μg.257 The dose of bupiva-
caine and the dose of fentanyl used in both groups was 
somewhat higher than usual, however, and this is also 
the lowest dose of prilocaine to be successfully used in 
spinal anesthesia to date.158

Epidural Anesthesia
Epidural analgesia is seldom used in adult ambulatory 
anesthesia (see also Chapter 56). Although it allows the 
block duration to be extended by using a catheter tech-
nique, this is offset by the time required in establishing 
the block and less certainty of success, as well as the risk 
for inadvertent intravascular injection or dural puncture. 
In knee arthroscopy, recovery after 15 to 20 mL of epi-
dural 3% 2-chloroprocaine was more rapid than spinal 
procaine with 20 μg fentanyl258 and also had a decreased 
incidence of pruritus. Recovery after epidural 3% 2-chlo-
roprocaine required fewer top-up injections and per-
mitted discharge an hour sooner after ambulatory knee 
arthroscopy than with 1.5% epidural lidocaine.259 How-
ever, the use of epidural 2-chloroprocaine has a more fre-
quent incidence of back pain.260

In children, caudal epidural analgesia—for example, 
using levobupivacaine 0.5 to 1 mL/kg of 0.25 %—is popu-
lar for postoperative pain relief.57 The technique is most 
useful for bilateral surgery or other situations in which 
the maximum safe dose would not permit an adequate 
volume for wound infiltration. After circumcision, caudal 
analgesia was no better than parenteral or systemic anal-
gesia or dorsal nerve block in reducing analgesic require-
ments, nausea, or vomiting.261 However, motor block and 
leg weakness were significantly more common in boys 
receiving a caudal block. The addition of clonidine262 or 
dexmedetomidine263 augments caudal analgesia, but con-
cerns remain about the frequency of sedative and hemo-
dynamic side effects and the risk for neurotoxicity.132,262

Intravenous Regional Anesthesia
Intravenous regional anesthesia (IVRA) (Bier’s block) is 
a simple, reliable method of analgesia most commonly 
used in the upper limb, but sometimes also used effec-
tively in the lower extremity.264 In the United Kingdom 
and Europe, prilocaine is the preferred local anesthetic 
because of its high therapeutic index.265 Lidocaine has 
also been used for many years264 and appears to be a safe 
alternative.266 Ropivacaine has also been extensively eval-
uated for IVRA. Compared to lidocaine, 0.2% to 0.375% 
ropivacaine resulted in prolonged and improved postop-
erative analgesia.267-269 However, compared to prilocaine, 
ropivacaine’s onset was slower, no useful prolongation of 
postoperative analgesia occurred, and ropivacaine plasma 
concentrations were more than double those of prilo-
caine, despite a 60% lower dose.265

IVRA was a cost-effective alternative to general anes-
thesia for outpatient hand surgery, being equally rapid 
to administer and with faster recovery and fewer postop-
erative complications.270 However, analgesia was inad-
equate in approximately 11% of cases, which required 
supplemental local anesthesia, repeat of the block, and 
even conversion to general anesthesia. IVRA was also cost 
effective, and quicker to perform, compared to brachial 
plexus block, but with a 4.4% failure rate due to tourni-
quet pain.271

A variety of adjuvants have been used in IVRA to 
decrease tourniquet pain, improve block quality, and pro-
long analgesia after cuff deflation.272 Opioids are relatively 
ineffective and cause nausea, vomiting, and dizziness after 
tourniquet deflation,272 but several NSAIDs have been 
shown to be beneficial. Lornoxicam273 decreased tour-
niquet pain and improved postoperative analgesia and 
tenoxicam improved postoperative pain,272 but the effects 
of ketorolac are unclear after most of the evidence show-
ing its efficacy in IVRA was withdrawn.138 Dexametha-
sone improved both block quality and postoperative 
analgesia.274 Similar results have been observed with the 
α2-adrenoceptor agonist dexmedetomidine,275, 276 whereas 
clonidine delayed tourniquet pain without improving 
postoperative analgesia.277



  

 

 
 
 
 

 
 
 

 
 

 
 
 
 
 
 
 
 

  
 

 
 
 

 
 

Other Local and Regional Anesthetic 
Techniques
A wide range of other regional anesthetic techniques can 
be used to facilitate ambulatory surgery or provide post-
operative analgesia (Table 89-3).278 The applicability of 
these techniques depends on the nature of the planned 
procedure, the patient, the preferences of the surgeon 
and anesthesiologist, and the skill and experience of the 
anesthesiologist performing the block. Benefits include 
excellent postoperative analgesia and reduced PONV, but 
this must be offset against pain and discomfort while per-
forming the block, the difficulty of transitioning to satis-
factory analgesia when the block wears off, and the risk 
for perioperative nerve injuries. Regional anesthesia may 
be contraindicated in patients with bleeding problems or 
those taking anticoagulants, as well as in patients with 
local infections. Regional anesthesia has a high failure 
rate in inexperienced hands, especially in the morbidly 
obese patient, although ultrasound guidance appears 
to improve the success rate of many blocks.279 The use 
of ultrasound also can reduce pain during block place-
ment,279 but currently no conclusive evidence exists that 
it improves the safety of regional anesthesia.280

Simpler locoregional techniques may be more appro-
priate for some procedures. Intraarticular local anesthe-
sia produces a moderate and relatively brief reduction 
in postoperative pain after arthroscopic knee surgery, 
but this is still considered to be of clinical significance 
in ambulatory surgery.281 In many cases, simple wound 
infiltration may be as effective as central and proximal 
peripheral blocks and allows patients to mobilize more 
quickly.282 Concerns about the possible risk for infection, 
or systemic toxicity resulting from large volumes of local 
anesthetic, appear unfounded in clinical practice.282

Infiltration anesthesia offers advantages for many 
ambulatory procedures and is the method of choice for 
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inguinal hernia repair.155 Several large series have confirmed
excellent results with this highly cost-effective tech-
nique, with 79% of patients requiring oral analgesia for
7 days or less after surgery283 and 91% of patients return-
ing to normal activities within 5 days.284 Repair under
local anesthesia is not an independent factor for hernia
recurrence, although this is influenced by the type of
hernia and the level of surgical experience.285 Infiltration
anesthesia resulted in fewer medical and urologic com-
plications after groin hernia repair than either general or
regional anesthesia.252 If spinal anesthesia is chosen for
groin hernia repair, the anesthesiologist should be aware
of the increased risk for urinary retention and other medi-
cal complications, especially in older patients.252

The concept of simple wound infiltration has been
further developed into LIA, used for major orthopedic
ambulatory surgery. This multimodal technique was orig-
inally developed for the control of pain after inpatient
knee and hip surgery in Australia by Kerr and Kohan.286

Their technique used a mixture of 300 mg ropivacaine
with 30 mg ketorolac and 1.5 mg epinephrine diluted to
150 to 200 mL with saline, infiltrated into all the tissue
planes of the surgical field over approximately an hour as
the operation progressed. A catheter was placed into the
wound to permit later repeat dosing. In the original series
of 325 patients, mainly undergoing elective hip resurfac-
ing but including some primary hip and knee replace-
ments, pain was well controlled (numerical pain score
0 to 3) without morphine in two thirds of patients, most
of whom could walk with assistance 5 to 6 hours after sur-
gery; 71% were discharged, walking independently after
a single night stay (Fig. 89-3).286 These promising results
have been confirmed in a blinded, randomized trial in
patients undergoing unicompartmental knee arthro-
plasty, where a similar LIA regimen significantly reduced
pain and opioid consumption and decreased the median
TABLE 89-3 SOME COMMON UPPER AND LOWER EXTREMITY BLOCKS USED FOR ADULT AMBULATORY 
SURGERY 

Type of Block Type of Surgery Bolus Dose (Perioperative)* Continuous Infusion

Patient-Controlled 
Regional Analgesia 
(PCRA)

Interscalene block Surgery around the 
shoulder

Bupivacaine/levobupivacaine 
0.25%-0.5%, 20-40 mL or 
ropivacaine 0.5%, 20-40 mL

Ropivacaine 0.2% 5 mL/hr Ropivacaine 0.2%  
5 mL/hr

Supraclavicular or 
infraclavicular block

Surgery around elbow, 
wrist, and hand

Bupivacaine/levobupivacaine 
0.25%-0.5%, 20-40 mL or 
ropivacaine 0.5%, 20-40 mL

Ropivacaine 0.2% 5 mL/hr Ropivacaine 0.2%  
5 mL/hr

Sciatic nerve block Posterior cruciate 
ligament repair, foot 
and ankle surgery

Bupivacaine/levobupivacaine 
0.25%-0.5%, 20-40 mL or 
ropivacaine 0.5%, 20-40 mL

Ropivacaine 0.2% 5 mL/hr Ropivacaine 0.2%  
5 mL/hr

Femoral nerve block Knee arthroplasty, 
anterior cruciate 
ligament repair

Bupivacaine/levobupivacaine 
0.25%-0.5%, 20-40 mL or 
ropivacaine 0.5%, 20-40 mL

Ropivacaine 0.1% 5 mL/hr Ropivacaine 0.1%  
5 mL/hr

Paravertebral block 
(thoracic)

Breast surgery Bupivacaine/levobupivacaine 
0.25%-0.5%, 20-40 mL or 
ropivacaine 0.5%, 20-40 mL

Ropivacaine 0.2% 5 mL/hr Ropivacaine 0.2%  
5 mL/hr

*Doses are approximations, with lower doses recommended when using ultrasound techniques. Depending on the type of surgery, multiple nerves may 
need to be blocked to get good postoperative pain relief. When using catheter techniques, disposable pumps with prefilled local anesthetics may be 
given to the patient with suitable written and verbal instructions.

From Gupta A, Smith I: Local and regional anaesthesia. In Smith I, McWhinnie D, Jackson I, editors: Oxford specialist handbook of day surgery,  
London, 2011, Oxford University Press, pp 93-108.
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length of stay by 2 days, with 68% of patients discharged 
after a 1-night stay.287

A limitation of infiltration anesthesia in general is the 
relatively short duration of pain relief it provides, even 
with long-acting drugs such as bupivacaine. The encap-
sulation of bupivacaine into a biodegradable carrier 
offers the prospect of extended-duration local anesthe-
sia (EDLA), which has demonstrated significant analge-
sic effects for at least 96 hours in pilot studies.288 Several 
potential problems need to be solved before widespread 
application, however, including ensuring that the large 
doses of local anesthetic contained within the carrier 
are not rapidly released, leading to toxicity, or that the 
encapsulating materials do not break down into harmful 
products.289 One extended-duration preparation of bupi-
vacaine, Exparel, which uses an established liposomal-
based drug delivery system (Lipo Foam, ContourMD), is 
currently approved by the U.S. Food and Drug Administra-
tion (FDA). Early trial results report improved pain scores 
and reduced opioid analgesic consumption compared to 
plain bupivacaine during the first 24 to 48 hours or more 
after bunion surgery,290 knee replacement,291 and breast 
10

0

30

20

50

60

40

%
 o

f p
at

ie
nt

s

0 1 2 3 >3 0 1 2 3 >3 0 1 2 3 >3 0 1 2 3 >3 0 1 2 3 >3

10

0

30

20

50

60

40

%
 o

f p
at

ie
nt

s

0 1 2 3 >3 0 1 2 3 >3 0 1 2 3 >3 0 1 2 3 >3 0 1 2 3 >3

10

0

30

20

50

60

40

%
 o

f p
at

ie
nt

s

0 1 2 3 >3 0 1 2 3 >3 0 1 2

Pain scores (0-10 numerical rating scale)

4 hours
At rest

15–22 hours
At rest On walking

40–48 hours
At rest On walking

3 >3 0 1 2 3 >3 0 1 2 3 >3

A

B

C

Figure 89-3. Numerical pain scores at various time points after hip resurfacing arthroplasty (A, n = 185), total hip replacement (B, n = 54), and 
total knee replacement (C, n = 86) in patients receiving local infiltration anesthesia. (Data from Kerr DR, Kohan L: Local infiltration analgesia: a tech-
nique for the control of acute postoperative pain following knee and hip surgery: a case study of 325 patients, Acta Orthop 79(2):174-183, 2008.
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augmentation.292 Myalgia was observed after Exparel in 
six patients in one study,292 but a 2-year follow-up from 
the same group reported no long-term complications.293

Several naturally occurring alkaloid toxins, which may 
have the potential to provide longer lasting and safer local 
anesthesia, have been considered.289 A preliminary study 
with neosaxitoxin, described superior analgesia com-
pared to that with bupivacaine at 12 hours after laparo-
scopic cholecystectomy.294 Catheter techniques also can 
extend the duration of effective local or regional anal-
gesia, reducing pain scores, opioid-related side effects, 
and length of hospital stay, as well as improving patient 
satisfaction.295

SEDATION

Although some procedures may be performed with local 
or regional anesthesia alone, additional drugs are often 
required for anxiolysis to provide additional analge-
sia and to attain suitable operating conditions by help-
ing the patient lie still in an appropriate position. The 
level of sedation required varies with each therapeutic, 
diagnostic, or surgical procedure and must be individu-
ally adjusted to achieve a balance of patient comfort and 
safety.296

The ASA defines three levels of sedation according to 
the responsiveness of the patient.297 With minimal seda-
tion a degree of anxiolysis is reached, but the patient is 
normally responsive and has a clear airway. During mod-
erate (conscious) sedation the patient is more sleepy but 
responds purposefully to verbal or tactile stimuli. Sponta-
neous ventilation is usually adequate and interventions 
are not required to maintain a patent airway. With deep 
sedation, the patient can respond purposefully only to 
repeated or painful stimuli and may require a degree of 
airway or ventilatory support. Far from being discrete, 
these sedative levels lie on a continuum (Fig. 89-4), which 
becomes general anesthesia when the patient loses con-
sciousness and is unarousable even with painful stim-
uli.297 Careful monitoring is essential, and the standard 
of care for patients receiving sedation should be the same 
as for patients undergoing general or regional anesthesia 
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Figure 89-4. The continuum of sedation and general anesthesia. 
(From Ahuja M, Armstrong I. Sedation. In Smith I, McWhinnie D,  
Jackson I, editors: Oxford specialist handbook of day surgery, London, 
2011, Oxford University Press, p 109, with permission.)
and includes all of the usual aspects of anesthesia care.298 
Unfortunately, a widely held belief among physicians 
and patients is that sedation is a safer form of care,299 
but an ASA closed claims database analysis revealed that 
the risks for death or permanent brain damage are similar 
to those of general anesthesia.300 Predictably, the greatest 
risk for harm comes from respiratory depression by opi-
oids and sedative-hypnotic drugs, and many cases could 
have been prevented by better monitoring and improved 
vigilance.301

The U.S. term monitored anesthesia care (MAC) is 
sometimes erroneously used to describe sedation admin-
istered by an anesthesiologist. However, the ASA has a 
specific definition of MAC, which is a billing term used to 
describe an anesthesia service that includes all perianes-
thesia aspects of care.298 MAC may include varying levels 
of sedation, including conversion to general anesthesia, 
when necessary. However, “if the patient loses conscious-
ness and the ability to respond purposefully, the anes-
thesia care is a general anesthetic, irrespective of whether 
airway instrumentation is required.”298

Choice of Sedatives
The specific requirements for supplemental sedative and 
analgesic drugs depend on the procedure undertaken, the 
skill of the operator in using local anesthesia, and the 
experiences and expectations of the individual patient. 
The use of pharmacologic agents can be reduced by 
sympathetic patient management at every stage, preop-
erative explanation, and the use of distractions, such as 
deep breathing, conversation, and listening to music.299 
Adjuvant drugs should be chosen to deliver those specific 
aspects that are required,302 such as reduction of anxiety, 
sedation to relieve boredom or aid immobility, and anal-
gesia for pain that is not amenable to further infiltration 
of local anesthetic.

Midazolam
Midazolam produces anxiolysis and dose-related hypno-
sis and is a popular component of sedation. It also pro-
duces marked antegrade amnesia. At times this may be 
beneficial, but it is not always welcomed by patients.303 
Midazolam is preferred to other benzodiazepines because 
it is water-soluble, does not cause venoirritation or 
pain on injection, is rapid-acting, and has a relatively 
short-elimination half-life of about 2 to 4 hours. As sole 
anesthetic, a single dose of 0.05 to 0.1 mg/kg allows rea-
sonably predictable recovery after brief procedures, but 
individual responses are highly variable.304 Recovery is 
also considerably slower if repeat or prolonged adminis-
tration is required.

Propofol
Propofol is an excellent sedative-hypnotic for MAC 
because its pharmacokinetic properties result in a rapid 
recovery from the effects of a single bolus dose and a con-
tinuous infusion. Propofol is a relatively pure hypnotic, 
providing no analgesia and only moderate amnesia. Infu-
sion rates of 25 to 75 μg/kg/min are typically used,305 but 
the short duration of action facilitates titration to effect.

Because of the excellent conditions that can be 
achieved and the superiority of recovery compared with 
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that of midazolam,306-308 demand for propofol sedation 
is growing rapidly in areas such as therapeutic endos-
copy in which anesthesiologists have not traditionally 
been involved. Propofol can rapidly cause apnea, before 
loss of consciousness, even in sedative doses, and unin-
tended transition to general anesthesia is a constant risk. 
The safety of nonanesthesiologist administration of pro-
pofol is therefore controversial. In the United Kingdom, 
the Royal College of Anaesthetists and the and British 
Society of Gastroenterology jointly state that propofol 
sedation for complex upper GI endoscopic procedures 
should be administered only by an “appropriately trained 
anaesthetist.”309 In the United States, the ASA also advo-
cates propofol medicating “only by persons trained in 
the administration of general anesthesia,”310 consistent 
with the package insert. However, the American Society 
for Gastrointestinal Endoscopy considers propofol use 
safe by anyone “proficient in the management of upper 
and lower airway complications, including manual tech-
niques for reestablishing airway patency” and holding at 
least basic life support certification.311

Advocates of endoscopist-administered propofol claim 
a very low rate of airway complications (0.1%) and a 
mortality (4 in 646,080) less that that associated with 
endoscopist-administered midazolam-opioid sedation.312 
Their data also reveal a wide range for the frequency with 
which rescue airway support was required, suggesting 
considerable variation, either in technique or willingness 
to intervene to protect the airway.312 When anesthesiolo-
gists administered propofol for patients undergoing endo-
scopic retrograde cholangiopancreatography (ERCP), 
deeper levels of sedation or general anesthesia were often 
intended and sedation-related adverse events were far 
more common (21%), especially in patients of higher ASA 
physical status classification, but were managed without 
adverse consequence or delay and high levels of patient 
and operator satisfaction were achieved.313

Fospropofol
Fospropofol is a water-soluble phosphate ester prodrug of 
propofol approved in the United States for sedation in 
adults in 2009, but not currently manufactured.314 The 
pharmacokinetics of propofol liberated from fospropofol 
differ from intravenously administered propofol, with a 
slower onset of action and longer duration, but detailed 
pharmacology is lacking after the retraction of six key 
pharmacokinetic/pharmacodynamic studies because of 
an error in the propofol assay.315 Fospropofol avoids the 
pain on injection of propofol, but is associated with par-
esthesia and pruritus.314 Potentially, fospropofol should 
require less frequent dosing than propofol, but so far has 
only been studied in relatively short procedures. Con-
versely, titration to effect may be more difficult because 
of the lag during metabolism to propofol. The role of fos-
propofol in sedation is unclear at present, and the current 
license restricts its use to anesthesiologists.314

Analgesic Adjuvants
Opioids are useful for procedures in which pain cannot 
reliably be blocked with local anesthesia alone.296 Com-
pared to alfentanil in women undergoing breast biopsy, 
remifentanil resulted in lower pain scores during deep 
dissection and reduced the need for supplemental local 
anesthesia.317 Remifentanil was a useful adjuvant to pro-
pofol sedation during transvaginal tape insertion318 and 
in achieving optimal conditions for awake craniotomy,319 
surgery that is increasingly being performed as a day and 
short-stay procedure.21, 22 Remifentanil produced lower 
pain scores than fentanyl in patients receiving propofol 
sedation during hysteroscopy, but did it not improve 
recovery or patient satisfaction.320 For hysteroscopic sur-
gery, paracervical block supplemented by a remifentanil 
infusion permitted earlier mobilization and discharge 
compared to TIVA, and the sedation technique was also 
preferred by a higher proportion of patients. Remifentanil 
is usually delivered by infusion, but intermittent bolus 
doses may be more effective for some procedures.321

Both clonidine and dexmedetomidine have potentially 
useful analgesic, anxiolytic, and sedative properties. The 
slow onset and offset of clonidine and frequent reports 
of cardiovascular instability, mean that neither drug has 
established a routine place in sedation,132,322 although 
dexmedetomidine may be a useful analgesic adjuvant in 
awake craniotomy.323 Ketamine improved analgesia when 
used to supplement propofol sedation, but an increase in 
PONV, psychomimetic side effects, and delayed discharge 
were observed at higher doses.324

Delivery of Sedation
Because of the varying needs to provide hypnosis, anx-
iolysis, analgesia, and amnesia, use of drug combina-
tions are common during anesthesiologist-administered 
sedation. Preceding a propofol infusion with a small (2 
mg) dose of midazolam improved anxiety, sedation, and 
amnesia for early intraoperative events with no detrimen-
tal effect on postoperative sedation, amnesia, or recovery 
times.325 However, using drug combinations increases 
the risk for interactions, leading to adverse effects. At 
sedative doses, propofol and remifentanil each have only 
a modest effect on heart rate and arterial blood pressure, 
but their effect on respiration is strikingly synergistic, 
with the potential for severe respiratory depression.326 
Respiratory depression is also enhanced by the interac-
tion of midazolam and remifentanil.327 Antagonists of 
benzodiazepines and opioids may be useful in cases of 
unintended overdose, but should not be routinely relied 
on to reverse deep sedation because of their short dura-
tion of action, which may permit resedation before328 or 
after discharge.329

As with TIVA, the stability and control of sedation 
regimens can be improved by using TCI systems.330 Tar-
get concentrations of 0.5 to 2 μg/mL for propofol and 0.5 
to 1 ng/mL for remifentanil are typical296,322 but should 
be titrated to individual effect. Effective sedation is usu-
ally judged by clinical end points or scores. Bispectral 
index (BIS) changes with increasing sedation, but is too 
variable331 to be useful routinely and was not effective 
as an end point for midazolam sedation.332 BIS monitor-
ing did not improve the quality of sedation or reduce 
the propofol dose or rates of hypoxemic, bradycardic, 
or hypotensive complications during ERCP.333 However, 
BIS-guided TCI propofol may be useful in the manage-
ment of patients with intellectual disability,334 in whom 
clinical signs may be less reliable. Allowing patients to 



adjust their own sedation level by patient-controlled 
sedation resulted in less propofol being used compared 
with a continuous infusion and was significantly more 
popular with patients.335

Inhaled sedation by a low dose of sevoflurane is an alter-
native technique that provides good control of sedation 
and rapid recovery.336,337 However, it can be complicated 
by a frequent incidence of perioperative excitement and 
an increased risk for transition to general anesthesia.338

MONITORING DEPTH OF ANESTHESIA

Many devices are now available to monitor the hypnotic 
component of anesthesia as a supplement to our tradi-
tional reliance on autonomic signs (see also Chapter 50). 
Most monitor electroencephalogram signals, recorded 
either spontaneously or evoked in response to a stimulus, 
which are then processed into a dimensionless number, 
usually ranging from 0 to 100. Precisely which variables 
are recorded and how they are processed is proprietary 
information,339 and the specific values corresponding to 
adequate anesthesia also vary among monitors.340

BIS was the first licensed monitor and is the most 
extensively studied, yet whether it can actually prevent 
awareness with recall remains controversial.340 One of the 
largest studies to date revealed an effect that was only just 
statistically significant341 but has been criticized for inad-
equate power, selection bias, and studying only a high-
risk population.342,343 A more recent and even larger study 
failed to show superiority of BIS over titration to end-tidal 
anesthetic drug concentration in preventing awareness,344 
also in a high-risk population. In ambulatory anesthe-
sia, in which awareness is uncommon,345 more interest 
has been shown on whether BIS and similar devices can 
reduce excessive anesthetic delivery, thereby improving 
the speed and quality of recovery and reducing costs. 
Two meta-analyses have shown that titrating anesthesia 
to achieve BIS values of 40 to 60 results in trivial (2 to  
4 minutes) reductions in awakening times, shortens 
recovery room stay by just 6.8 minutes, and fails to facili-
tate earlier home discharge.346, 347 BIS titration also pro-
duced a very modest reduction in PONV (32% versus 
38%).346 Despite reductions in anesthetic drug usage, 
the cost savings were substantially less than the dispos-
able costs associated with BIS.346 Monitoring with audi-
tory evoked potentials achieved similar small reductions 
in drug usage and awakening times, comparable to those 
seen with BIS.348,349 Discharge times were unchanged in 
one study348 but were shortened by both BIS and auditory 
evoked potential monitoring in another study in a very 
similar population.349

Although a lack of clear clinical or financial benefit 
exists from depth of anesthesia-guided drug titration, 
genuine concerns have been raised about using these 
monitors for purposes other than those for which they 
were designed. Although anesthesia is usually adequate at 
values below 60, BIS lacks a high level of discrimination 
and some patients may form memories at values as low as 
40.350 Thus, titrating anesthesia, even to BIS values of 40 
to 50, to reduce costs and recovery times, may uninten-
tionally increase the risk for awareness.339
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RECOVERY FROM AMBULATORY 
ANESTHESIA

Recovery is traditionally divided into three stages. Early, 
phase 1 recovery occurs in a postanesthesia care unit 
(PACU) and entails further awakening and management of 
pain and nausea, with monitoring of hemodynamic stabil-
ity. Intermediate recovery continues in the phase 2 (step-
down) recovery or in a separate ward area and ends when 
the patient achieves the criteria for home discharge (see later 
discussion). The phase 1 and phase 2 aspects of recovery 
may occur in separate locations or within the same room.

EARLY RECOVERY

The recovery room or PACU should be centrally placed 
to all operating rooms and requires the same standard of 
staffing and equipment as are provided for inpatients.351 
The PACU may be shared with inpatients in some facili-
ties, but recovery times can be shortened dramatically if 
there is a separated phase 1 PACU dedicated to ambula-
tory patients.11 In the United States, the ratio of nurses 
to patients is usually lower than in the inpatient PACU, 
typically 1:3, reflecting the lower acuity of postprocedural 
needs.6 Patient care should be adequately transferred to 
the PACU nursing staff, relaying preoperative and intra-
operative problems and postoperative instructions. The 
nature and frequency of monitoring in the PACU is deter-
mined by the nature of surgery and the state of recovery. 
Because ambulatory anesthetics are typically short-act-
ing, supplemental O2 administration may be unnecessary 
in the PACU,352 provided the patient’s saturation level of 
O2 in hemoglobin (SpO2) remains above 92% on air.

In the United Kingdom, patients may be discharged 
from phase 1 to phase 2 of recovery when they are awake 
and oriented, normothermic, able to maintain their own 
airway and ventilation, and demonstrate cardiovascular 
stability. Wounds should be reasonably dry, and pain and 
PONV should be minimal and adequately treated. This 
assessment is usually made on clinical judgment.351 In 
the United States, transfer from phase 1 to phase 2 is com-
monly based on predefined, physician-determined criteria. 
Typical ambulatory criteria include being awake with stable 
vital signs, minimal pain, minimal nausea, and the ability 
to sit with minimal dizziness.353 If more standardized data 
are desired, a scoring system can be used. The most com-
monly used system is the modified Aldrete score,354 which 
assigns points on the basis of activity, ventilation, blood 
pressure, consciousness, and oxygenation (Table 89-4). 
Length of PACU stay is one of the key end points, along 
with awakening, orientation, and extubation times used to 
evaluate early recovery in ambulatory anesthesia research.

SECOND-STAGE RECOVERY

Second-stage recovery prepares patients for leaving the 
ambulatory surgery unit and taking over their own care. 
Patients should sit upright on trolleys or reclining chairs 
as an aid to mobilization. After low-dose spinal anesthe-
sia, mobilization is usually possible within an hour of the 
return of full motor function, or about 2.5 to 3 hours after 
the start of spinal anesthesia.156,355
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FAST-TRACK RECOVERY

With the increased use of short-acting drugs and tech-
niques, many patients will have already met the discharge 
criteria before, or by the time, they reach the PACU.356 If 
this is the case, admission to the PACU will only gen-
erate unnecessary delay while further observations are 
performed. Instead, these patients may bypass phase 1 
recovery and go directly to the phase 2 unit; this is known 
as fast-track recovery.

The modified Aldrete score can also be used to assess fast-
track eligibility.357 Because this score does not assess pain or 
PONV, which are traditionally treated in the PACU, White 
and Song358 added two additional categories to derive their 
fast-track recovery score. Although using this score reduced 
the proportion of patients who met the fast-track criteria 
on PACU arrival, it also significantly reduced the number 
of patients who required parenteral analgesia or antiemet-
ics in the step-down area.358 Others have suggested a series 
of clinical criteria359 that must all be achieved for patients 
to undergo fast-track recovery (Box 89-1). The criteria for 
transfer from phase 1 to phase 2 and the criteria for direct 
entry to phase 2 should be the same.

Fast-track recovery is the norm for patients who have 
had local anesthesia, but it is also appropriate for most 
patients receiving sedation359,360 and low-dose spinal 
anesthesia in the United Kingdom.156 Patients receiving 
general anesthesia also may be able to undergo fast-track 
recovery depending on the combined effects of procedure, 
anesthetic technique, duration of procedure, and the indi-
vidual patient. After laparoscopic tubal ligation, 90% of 
women receiving desflurane, 75% receiving sevoflurane, 

TABLE 89-4 MODIFIED ALDRETE RECOVERY 
SCORE 

Score*
Activity Able to move four extremities 

voluntarily or on command
Able to move two extremities 

voluntarily or on command
Unable to move extremities 

voluntarily or on command

2

1

0

Respiration: Able to breathe deeply and cough 
freely

Dyspnea or limited breathing
Apneic

2

1
0

Circulation: BP ± 20% of preanesthetic level
BP ± 20%-49% of preanesthetic 

level
BP ± 50% of preanesthetic level

2
1
0

Consciousness: Fully awake
Arousable on calling
Not responding

2
1
0

Oxygenation: Able to maintain saturation > 92% 
on room air

Needs oxygen to maintain 
saturation > 90%

Saturation <90% even with oxygen

2

1

0

*The total possible score is 10; patients scoring ≥ 9 are fit for discharge from 
phase 1 recovery.

BP, Blood pressure.
From Aldrete JA: The post-anesthesia recovery score revisited (letter), J Clin 

Anesth 7:89-91, 1995.
 but only 26% receiving a continuous infusion of propofol 
were judged eligible for fast-track recovery,357 although 
actual recovery bypass was not attempted. In a more 
recent study involving more superficial surgery in which 
anesthesia was titrated to BIS, all patients receiving either 
desflurane or sevoflurane met fast-track recovery criteria 
on leaving the operating room,361 although no patient 
actually bypassed the PACU in that facility.

Fast-track recovery is appealing because improved 
recovery provides the patient with a higher quality expe-
rience, enabling them to return toward normal in a more 
pleasant, comfortable, and facilitative environment. 
It also frees up the more intensive resources of phase 1  
recovery for those patients who need them. Accom-
plishing fast-track recovery is complex. In one facility, 
despite high proportions of patients appearing eligible 
to bypass the PACU using the White criteria,357,361 the 
same group actually achieved fast-tracking in only 35% 
to 53% of their patients.362 The use of depth of anesthe-
sia monitoring has been claimed to facilitate fast-track 
recovery,363 whereas others have not found it advanta-
geous.364 Accomplishing fast-track recovery requires not 
only anesthesia recovery readiness, but also the support 
of a facility-based process, including nursing and surgeon 
participation and environment support. More produc-
tively, the current approach to fast tracking is not just the 
percentage of patients who completely bypass phase 1, 
but rather, it is to enable the fastest possible path for all 
patients through their recovery to discharge home.

The economic case for fast-track recovery should be 
considered separately.365 In some cases, fast-track recovery 
has shortened overall recovery stay, comparable to,366 or 
even longer than,359 the time that would have been spent 
in the PACU. However, others have found no difference 

Patient should be awake, alert, oriented, and responsive (or 
return to baseline state).

Pain should be minimal (unlikely to require treatment with par-
enteral medications).

No active bleeding should occur (unlikely to require professional 
treatment).

Vital signs should be stable (unlikely to require pharmacologic 
intervention).

Nausea should be minimal.
No vomiting should occur.
If nondepolarizing neuromuscular blocking agent has been used, 

patient should now be able to perform a 5-second head lift or 
train-of-four monitoring should indicate no fade.

Oxygen saturation should be 94% or higher on room air  
(3 minutes or longer) or O2 saturation should return to  
baseline on room air.

BOX 89-1 Criteria for Direct Admission to 
Second-Stage Recovery Unit, Bypassing the 
Postanesthesia Care Unit*

*During the follow-up period, the patient should be evaluated in the 
operating room, immediately before discharge, using the above criteria 
regarding recovery from anesthesia. To bypass the postanesthesia care 
unit, a patient must meet all of these criteria and, in the judgment of the 
anesthesiologist, be capable of transfer to the second-stage recovery unit.

From Apfelbaum JL, Walawander CA, Grasela TH, et al: Eliminating inten-
sive postoperative care in same-day surgery patients using short-acting 
anesthetics, Anesthesiology 97:66-74, 2002.
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in overall recovery time,362 especially after laparoscopic 
surgery.366 Achieving an adequate fast-track score can 
take almost 30 minutes after laparoscopic surgery, even 
when using cerebral monitoring to optimize anesthe-
sia,348 which could delay leaving the operating room. 
Nurses in the step-down unit are not always readily avail-
able to receive patients and often report patients arriving 
cold or without all the fast-track criteria actually being 
met.367 Although fast-track recovery appears financially 
beneficial, actual savings will be made only if the PACU 
is not needed at all or if staffing levels can be reduced, 
which is not supported by the evidence to date.365 One 
randomized trial showed that nursing workload and costs 
were simply shifted from one area to another, with no 
overall savings.366 Fast-track recovery may still help to 
improve patient flow and may work best in small units 
that use staff flexibly between different areas.365

POSTOPERATIVE PAIN

The management of postoperative pain should begin 
well before the patient undergoes surgery. Patients 
need to have appropriate expectations about what they 
are likely to experience during their recovery (see also  
Chapter 98).368 At preoperative assessment, patients 
should be provided with information about the likely 
extent and duration of pain after surgery. They should 
also be advised about simple measures to reduce pain, 
including advice to rest in a comfortable position, raising 
swollen limbs, use of heat or cold packs, and the benefits 
of distraction. Prevention is the mainstay of pain man-
agement, yet studies have shown that pain management 
after ambulatory surgery is often inadequate.369 Com-
mon causes are a lack of adherence to analgesic guidelines 
and a failure to provide multimodal analgesia.370,371 Too 
often there is overreliance on opioid analgesia, resulting 
in predictable adverse effects372 that are second only to 
inadequate pain relief in causing unnecessary hospital 
admission.369

MULTIMODAL ANALGESIA

Multimodal analgesia relies on the additive or synergistic 
combination of drugs acting at various points on the pain 
pathway.373 Typical combinations include local anes-
thetic wound infiltration or regional technique and rou-
tine NSAIDs, with small doses of opioids added as needed. 
Topical therapies also may be of some benefit, with both 
lidocaine and glyceryl trinitrate patches found to provide 
effective topical analgesia after a variety of ambulatory 
procedures.374 Multimodal regimens are effective after 
several ambulatory surgical procedures.375,376 An opioid-
sparing effect exists for several drug combinations,377 but 
most evidence is limited to an opioid plus one other drug, 
with little evaluation of true multimodal analgesia or 
attempts to identify optimal combinations.371 Analgesic 
efficacy differs with the nature of surgery,378 suggesting 
that multimodal analgesic regimens should be specifi-
cally tailored.379 Nevertheless, reducing the opioid dose 
does decrease the incidence of PONV to a corresponding 
degree and may also reduce other opioid adverse effects, 
such as sedation, sleep disturbances, urinary retention, 
and respiratory depression.372 As yet, no evidence indi-
cates that multimodal analgesia improves long-term 
patient outcome380 because of the small number of sub-
jects studied and the infrequent incidence of adverse out-
comes after ambulatory surgery.

RESCUE ANALGESIA

Despite prophylactic measures, some patients will experi-
ence pain on awakening after surgery. Milder cases may 
be amenable to treatment with additional oral analgesia, 
but more severe pain will usually require parenteral opi-
oids. Fentanyl is commonly used for this purpose, and 
small boluses (20 to 25 μg) rapidly achieve analgesia. 
Compared to morphine, fentanyl results in more rapid 
control of pain and reduces the occurrence of PONV.381 
Rescue fentanyl also produced fewer adverse effects than 
oxycodone.382 Administration of additional oral analge-
sia as soon as the pain is controlled will usually prevent a 
recurrence at a later stage of recovery. During the recov-
ery period, pain should be assessed on a regular basis and 
treated according to protocols (Fig. 89-5).

PAIN MANAGEMENT AT HOME

In the United States, patients are often given prescriptions 
for postoperative analgesics, including weak opioids, pref-
erably before surgery so the medications will be at home 
when the patient needs them. In the United Kingdom, 
patients may be given standardized take-home analgesic 
packs that can be dispensed from the ambulatory sur-
gery unit, avoiding pharmacy delays. Typical take-home 
analgesia includes NSAIDs and acetaminophen combined 
with a weak opioid. Combinations of codeine-acetamino-
phen383 and hydromorphone-acetaminophen384 are effec-
tive after many ambulatory surgical procedures, although 
a proportion of patients are unable to metabolize codeine 
to its active form, rendering it ineffective.385 Although a 
single preoperative dose of pregabalin produced modest 
improvements in pain after ambulatory surgery, continu-
ing its use into the postoperative period added no further 
benefit.151

Managing Opioid Complications
Although multimodal techniques aim to minimize opioid 
use, strong opioids can be necessary as a rescue option after 
more invasive surgery. Analgesics such as morphine and 
oxycodone provide more intense and prolonged effects, 
but are associated with more intense and prolonged typi-
cal opioid side effects. Novel delivery techniques, such as 
iontophoretic386 or nasal387 fentanyl, may improve patient 
convenience but do nothing to reduce adverse effects. In 
addition to multimodal analgesia, attempts to limit these 
adverse effects have included the development of drugs 
such as tramadol, which combine opioid and nonopioid 
mechanisms of action. Tramadol is effective after ambula-
tory surgery,388,389 but it is still associated with a frequent 
incidence of unwanted effects, including sedation, dizzi-
ness, and, particularly, PONV.390 Tapentadol was recently 
licensed in both the United States and the United Kingdom.  
It has a dual action similar to that of tramadol, with 
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comparable efficacy to oxycodone but fewer GI adverse 
effects, such as nausea, vomiting, and constipation.391 
Unlike tramadol, it does not require metabolic activation 
or suffer from isomer-dependent pharmacodynamics.147

Combining oral oxycodone with naloxone (Targinact)  
antagonizes the GI effects, in particular preventing opi-
oid-induced constipation, but has little effect on analgesia 
because first-pass metabolism prevents much naloxone 
from reaching the central nervous system.147 Alvimopan 
is another peripherally acting MOP (formerly called mu 
opioid receptor) antagonist, intended to reduce opioid-
induced constipation. However, peripheral MOP recep-
tors also may partially mediate opioid-associated PONV, 
delayed gastric emptying, and urinary retention,147 offer-
ing the hope that opioid analgesia without serious adverse 
effects may yet be a possibility.

Local Anesthetic Administration at Home
Sending patients home with perineural, incisional, and 
intraarticular catheters is a new and evolving area of 
postoperative pain management.27 Patient-controlled 
regional anesthesia with an elastomeric balloon pump has 
provided effective analgesia and reduced pain intensity 
during mobilization when ropivacaine is delivered into 
a perioperatively placed wound catheter after subacro-
mial decompression.392 Although patients were kept in 
hospital for study observations and assessments, based on 
pain scores, the authors concluded that all patients in the 
active group could have been discharged within 2 hours 
of surgery. Another small pilot study showed excellent 
analgesia with continuous interscalene block, continued 
at home, allowing same-day discharge after a variety of 
shoulder operations, including open rotator cuff repair, 
subacromial decompression, and joint replacement.393

Recently, several institutions have described cases of 
chondrolysis that appear to be related to the use of post-
operative intraarticular local anesthetic pain pumps.394 
In a series of 375 patients from one individual orthope-
dic surgeon, chondrolysis was observed only in cases in 
which either bupivacaine or lidocaine had been infused 
into the joint during the postoperative period.395 Most 
local anesthetics, including bupivacaine, lidocaine, and 
ropivacaine, are chondrotoxic to human articular carti-
lage in vitro, and the risk may be increased with longer 
exposure to higher concentrations of local anesthetic, 
such as with a pain pump, compared to that associated 
with a single injection.396 Consequently, the use of local 
anesthetic infusions after shoulder surgery has declined 
or stopped in many institutions.

A variety of infusion pump designs are available for 
local anesthesia infusions or patient-controlled regional 
anesthesia (PCRA) after discharge. Technical problems 
have been found with electronic pumps,397 which seem 
to be unreliable for home use.393 Patient satisfaction397 
has been reported with disposable elastomeric pumps, 
which are more reliable, although not all types function 
equally well and in vivo performance does not necessarily 
match results obtained in vitro.398

POSTOPERATIVE NAUSEA AND VOMITING

PONV occurs in as many as 30% in a general surgi-
cal inpatient population given no antiemetics (see also 
Chapter 97).399 Some patients undergoing day surgery 
have a much smaller risk for symptoms, cited as less than 
5%50,400 for very minor surgery, with reduced requirement 
for intraoperative and postoperative opioids. However, in 
the same studies, other ambulatory surgery patients had 
a predischarge incidence of PONV as high as 41%. When 
the potential occurrence of emetic sequelae after dis-
charge is included in the estimation of overall risk, some 
authors cite an overall incidence of more than 40%, even 
after receiving an antiemetic.401
Figure 89-5. Example of a pain 
management protocol for ambu-
latory surgery patients. NSAIDs, 
Nonsteroidal antiinflammatory 
drugs. (Modified from Lipp A, 
Jackson I: Adult day surgery anal-
gesia. In Smith I, McWhinnie D, 
Jackson I, editors: Oxford specialist 
handbook of day surgery, London, 
2011, Oxford University Press,  
p. 133, with permission.)

Start
Check pain score on movement

Pain score 0
None

Reassess with
next observations

Go back to start

Pain score 1
Mild

Reassess with
next observations

Go back to start

Pain score 3
Severe

Check sedation
score

Sedation score 0–2

Give 25 microgram
bolus of fentanyl
± oral analgesia
as appropriate

Go back to start

Pain score 2
Moderate

Sedation score 3
Check respiratory rate

Respiratory rate > 8
Discuss analgesia

with anesthesiologist

Respiratory rate < 8
Give oxygen and

summon help

Give oral analgesia
codeine  ±

acetaminophen  ±
NSAID as appropriate

Go back to start
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RISK ASSESSMENT AND STRATEGIES

It might be expected that the management of PONV 
for ambulatory patients should involve universal multi-
modal pharmacologic prophylaxis to minimize the symp-
toms that might delay timely discharge or subsequent 
recurrence in the home environment. However, current 
recommendations402 advocate a more focused approach 
toward the use of preventive pharmacotherapy, having 
first minimized baseline risk resulting from the use of 
generic emetogenic stimuli, such as the use of general 
anesthesia where regional techniques could be used, or 
if a general anesthetic is mandated, reducing exposure 
to volatile anesthetics, N2O, large-dose neostigmine, and 
opioid-based analgesia. From there, individual patient 
factors should be identified to stratify relative risk. The 
scoring system originally derived from a cohort of ear, 
nose, and throat (ENT) patients by Apfel and colleagues 
in 1998403 is popular because of its relative simplicity; yet 
debate continues regarding its applicability to ambula-
tory surgery patients, because the predicted risk for PONV 
(Table 89-5) seems to be overestimated in this popula-
tion, presumably as a result of the original scoring sys-
tem having been developed for inpatients in Europe. This 
seems to be confirmed in a subsequent paper by the same 
author,401 where PACU rates of nausea were 19.9%, vom-
iting 3.9%, and nausea and/or vomiting 20.7% across a 
patient cohort with characteristics that would seem to 
predict greater risk from the original algorithm. However, 
when including postdischarge rates of PONV until the 
second postoperative day (Table 89-6), commensurate 
complication rates occur. Other scoring algorithms exist 
for prediction of risk for PONV in the ambulatory envi-
ronment, but their relative complexity mandates the use 
of a calculator or computer.400 A recent reevaluation of 
risk factors for PONV (see also Chapter 97)404 reiterated 
the importance of those characteristics included in the 
original Apfel score,399 but also included younger age and 
duration but not type of surgery.

TABLE 89-5 RISK FACTORS FOR, AND PREDICTED 
RATES OF, POSTOPERATIVE NAUSEA AND 
VOMITING ACCORDING TO THE APFEL SCORE 

Risk Factors Scoring

Female
Nonsmoker
History of previous PONV
Postoperative use of opioids

1 point
1 point
1 point
1 point

Maximum possible score 4 points

No. Points Risk of PONV (%)

0
1
2
3
4

10
21 (≈20)
39 (≈40)
61 (≈60)
79 (≈80)

PONV, Postoperative nausea and vomiting.
Data from Apfel CC, Laara E, Koivuranta M, et al: A simplified risk score 

for predicting postoperative nausea and vomiting: conclusions from 
cross-validations between two centers, Anesthesiology 91:693-700, 
1999.
Antiemetic treatment should therefore be tailored to 
assessment of likely risk for symptoms with the use of 
either unimodal or multimodal prophylaxis as indicated. 
The IMPACT study184 demonstrated that ondansetron  
4 mg, droperidol 1.25 mg, and dexamethasone 4 mg were 
equally effective in reducing the risk for PONV by an order 
of 25% and that using these two drugs together would be 
approximately additive (multimodal antiemetic prescrip-
tion). Specifically, the prophylactic use of one of these 
drugs decreases the estimated risk for PONV from 60% 
to 44%; use of two drugs would further decrease the inci-
dence from 44% to 33% and three drugs to 24%. The use 
of TIVA with propofol with the concomitant avoidance 
of N2O had similar equivalence to the use of one anti-
emetic.184 Simple measures, such as the routine adminis-
tration of approximately 1 to 2 L of IV crystalloid fluids, 
reduce the incidence and severity of PONV, decrease diz-
ziness and drowsiness,405 and reduce postoperative pain 
in high-risk groups.406

ANTIEMETIC DRUGS

First-Generation Drugs
Metoclopramide is a dopaminergic (D2) and serotoner-
gic (5-HT3, peripheral 5-HT4 at higher doses) antagonist 
with gastric prokinetic properties that was first described 
in 1964. A meta-analysis of a standard clinical dose of  
10 mg showed little evidence of pharmacologic benefit for 
PONV407 and has led to a suggestion in recent guidelines 
for management of PONV in ambulatory surgery that 
other more effective antiemetics be used for first-line treat-
ment.402 However, more recent systematic reviews408,409 
have challenged these views, and a 10-mg dose may be 
considered. Higher doses, such as 20 to 25 mg, are more 
effective410 but are associated with more akathisia.

Droperidol is a butyrophenone with an antiemetic effect 
resulting from dopaminergic receptor (D2) antagonism 
that received a black box warning for the FDA-approved 

TABLE 89-6 RISK FACTORS FOR, AND PREDICTED 
RATES OF, POSTDISCHARGE NAUSEA AND 
VOMITING 

Risk Factors Scoring

Female
Age <50 years
History of previous PONV
Postoperative use of opioids
Nausea in PACU

1 point
1 point
1 point
1 point
1 point

Maximum possible score 5 points

No. points Risk for PONV (%)

0
1
2
3
4
5

10.9 (≈10)
18.3 (≈20)
30.5 (≈30)
48.7 (≈50)
58.5 (≈60)
79.7 (≈80)

PACU, Postanesthesia care unit; PONV, Postoperative nausea and vomiting.
Data from Apfel CC, Philip BK, Cakmakkaya OS, et al: Who is at risk for 

postdischarge nausea and vomiting after ambulatory surgery? Anesthe-
siology 117:475-486, 2012.
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dose of 2.5 mg411 or greater because of potential QT inter-
val prolongation. This and other side effects of droperidol, 
such as sedation and akathisia, were significant at higher 
doses than are commonly used for PONV prophylaxis,411 
which are typically 1.25 mg or less. Droperidol use is less 
in the United States since the black box warning was 
added but primarily for medicolegal reasons rather than 
because of concerns with efficacy or side effects. A recent 
meta-analysis412 has confirmed the antiemetic action of 
low-dose droperidol. Supply in the United Kingdom was 
halted on the basis of a prediction of market nonviability 
by the manufacturer. Although the drug has been reintro-
duced in the United Kingdom, it has been little used in 
the ambulatory environment in this country as a result 
of perceptions of adverse extrapyramidal effects, particu-
larly akathisia, even at 0.5-mg doses.413,414 An Australian 
study evaluating the incidence of akathisia in 228 women 
undergoing ambulatory gynecologic laparoscopy reported 
a rate of 29% with administration of 10 μg/kg.415

Antagonists of the histamine H1 receptor have a partic-
ular efficacy in the management of nausea and vomiting 
precipitated by vestibular pathways, with a documented 
benefit in the management of travel sickness and surgi-
cal procedures for strabismus or involving the middle ear. 
Dimenhydrinate (a combination of diphenhydramine 
and 8-chlorotheophylline that was added to reduce 
drowsiness) has an antiemetic effectiveness deemed simi-
lar to that of both droperidol and 5-HT3 antagonists,416 
but potential adverse reactions from these antihistamines 
include marked sedation, dry mouth, urinary retention, 
and blurred vision as a result of associated muscarinic 
receptor antagonism. Meclizine, an H1-receptor antago-
nist and anti–motion sickness medication, is minimally 
sedating, long-acting, and effective for treatment of 
PONV and for prevention of postdischarge nausea and 
vomiting (PDNV).417 In the United States, it is inexpen-
sive and available without prescription, making it an 
attractive postdischarge choice.

A transdermal scopolamine delivery system is also avail-
able. This patch was designed to deliver a total dose of 1 mg 
of scopolamine at a sustained, constant rate over a period 
of 3 days.418 Numerous studies have shown transdermal 
scopolamine to be effective in reducing the incidence and 
severity of PONV and PDNV, with efficacy comparable to 
that of ondansetron or droperidol. It has a prolonged dura-
tion but the onset is delayed, becoming effective within 2 
to 4 hours of applying the patch.419 The slow onset can be 
overcome by applying the patch the night before surgery. 
Used in this way, the incidence of nausea and vomiting 
was reduced from 62.5% and 37.5% to 20.8% and 8.3%, 
respectively, compared to placebo after gynecologic lapa-
roscopy.420 In the United States, clinicians apply the patch 
preoperatively, knowing that onset of PDNV efficacy will 
be in the early recovery period.418

Adverse effects, particularly dry mouth but also som-
nolence, dizziness, and blurred vision, are relatively com-
mon but generally described as mild.418,420

Serotonin 5-HT3 Receptor Antagonists
The 5-HT3 antagonists have played a substantial role in 
the management of PONV since their introduction in the 
1980s, because of their relatively benign adverse reaction 
profile compared with those of the then available drugs. 
Their prophylactic use is more effective when given just 
before the end of surgery.421 They are effective drugs for 
emetic rescue therapy, with ondansetron seeming to have 
a more preferential effect on vomiting (number needed 
to treat [NNT] = 4) rather than nausea (NNT = 7).422 
Although relatively well tolerated, their side-effect profile 
includes an increased risk for headache (number needed 
to harm [NNH] = 36) and elevated liver enzymes (NNH = 
31).422 All serotonin subtype 3 antagonists have also been 
associated with QT interval prolongation. More recently 
released serotonin 5-HT3 receptor antagonists, such as 
dolasetron, granisetron, and palonosetron,423 seem to 
exhibit similar characteristics with equal reduction of 
PONV rates in high-risk patients when used for prophy-
laxis, though the longer half-life of these drugs (8, 10, 
and 40 hours, respectively) may afford better protection 
against symptoms after discharge. In particular, palonose-
tron, by nature of its unique binding properties leading to 
internalization of the 5-HT3 receptor424 and a long half-
life, may have a role in the management of postdischarge 
symptoms.425 A large cost remains a significant barrier to 
use of the newer, nongeneric serotonin antagonists.

Steroids
Dexamethasone is an effective antiemetic at IV doses 
of 4 to 5 mg (depending on local formulation).426 This 
steroid may act centrally to either modulate the release 
of endorphins or inhibit prostaglandin synthesis. Given 
its delayed onset of action, dexamethasone should be 
administered as early as possible after induction of anes-
thesia.427 Prophylactic dexamethasone is also effective in 
reducing postoperative pain and improving the quality of 
recovery,153,154 although at somewhat higher doses (typi-
cally 8 mg) than those required for an antiemetic effect.

Neurokinin-1 Antagonists
The role of tachykinins in the emetic pathway was first 
elucidated by immunohistologic studies identifying sub-
stance P in the dorsal vagal complex of the ferret, an area 
of the brain deemed essential in the vomiting reflex.428 
Subsequent research identified the potential value of spe-
cific antagonists to the neurokinin-1 receptor, at which 
substance P and neurokinins A and B interact both cen-
trally and peripherally in the gut to suppress vomiting. 
Aprepitant was the first commercially released drug of 
this class. A preoperative oral dose of 40 mg has efficacy 
similar to that of ondansetron for the reduction of nau-
sea, with a potentially superior effect in the suppression 
of vomiting for 48 hours after administration.429 An IV 
prodrug formulation, fosaprepitant, was introduced in 
2008 with a license for use in chemotherapy-induced 
nausea and vomiting, but as yet, no work has been done 
evaluating its role or value in PONV.430 A multicenter 
study evaluating the use of oral rolapitant,431 a competi-
tive NK-1 antagonist with an exceptionally long half-life 
of 180 hours, suggested similar effectiveness in com-
parison with placebo and ondansetron (administered at 
induction) with early control of symptoms, but use of 
rolapitant similarly seemed to confer prolonged protec-
tion from postoperative emetic symptoms. Cost remains 
a barrier for this class of drugs as well.



MANAGING PERSISTENT NAUSEA  
AND VOMITING

The continuing symptoms that follow antiemetic rescue 
therapy require further clinical review. Consideration 
should be given to alternative causes for these symptoms, 
particularly hydration status, covert hypovolemia, or 
early infection. Review of vital signs (temperature, pulse, 
and arterial blood pressure), allied with clinical examina-
tion to exclude an association with concomitant worsen-
ing of abdominal pain, potential septic foci, or urinary 
retention, is important to exclude more sinister causes, 
before consideration is given to symptomatic relief.

Administering 20 mL/kg of an isotonic electrolyte 
solution reduces the risk for nausea and dizziness after 
ambulatory surgery and may have value in attenuating 
continuing symptoms.405,432 Ephedrine 0.5 mg/kg intra-
muscularly is effective for prophylaxis and treatment, 
with efficacy comparable to that of droperidol and seda-
tion scores lower than placebo.433 No value exists in pre-
scribing a previously used antiemetic drug within 6 hours 
of previous administration, but other second-line drugs 
may be considered should first-line management fail. 
These options include small-dose IV naloxone; propofol 
20 mg; phenothiazines, including prochlorperazine, per-
phenazine, or small-dose promethazine (6.25 mg); or a 
neurokinin antagonist.

SPECIAL AREAS

OFFICE-BASED PRACTICE

Office-based anesthesia is a form of ambulatory anesthe-
sia that is rapidly expanding in North America and some 
parts of Europe. Arguably, the first ambulatory surgery 
center in the United States (the Downtown Anesthesia 
Clinic in Sioux City, Iowa) was an office-based practice.2 
Simple, minimally invasive surgical procedures have been 
performed in physicians’ offices for many years, using 
either local anesthesia or sedation. There is now a grow-
ing involvement of anesthesiologists, especially as the 
complexity of office-based surgery increases.

Advantages of office-based surgery include improved 
convenience for the patient, but the primary driver has 
been more control over scheduling and the work environ-
ment for the surgeon. The potential exists for significant 
profit going directly to the surgeon, but in addition, the 
lower overhead costs in this setting result in significantly 
lower overall costs for the procedure. For example, the 
total cost of a laparoscopic inguinal hernia repair was three 
and a half times greater when performed in a hospital set-
ting compared with an office facility.434 The costs of open 
hernia repair434 and various rhinology procedures435 were 
approximately 2.5 times less when performed in the office. 
However, legitimate concerns have been raised about the 
safety of office-based surgery. One comparative study 
showed a more than 10-fold increase in adverse incidents 
and deaths for procedures performed in a physician’s 
office compared with an ambulatory surgical center.436

These disasters are often the result of unqualified 
or untrained individuals administering sedation in 
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unsuitable or unaccredited facilities.436,437 Deep sedation 
appears to be a considerable risk factor. From the ASA 
closed claims database, 40% of the deaths resulting from 
MAC occurred during facial and eye surgery, which are 
commonly performed in the office setting.300 Hypoxia 
and hypoventilation resulting from oversedation was the 
most common cause of death, with poor vigilance, inade-
quate monitoring, and delayed resuscitation contributing 
to the deaths, half of which were judged to be prevent-
able.300 The common perception that sedation is safer 
than general anesthesia is not supported by these data.

In the United States, the regulation of office facilities 
is the responsibility of individual states, yet as of 2012, 
only a bare majority of states have such regulations.438 
Regulation does appear to improve safety, because no 
deaths were reported in a series of more than 23,000 
cases from a fully accredited office staffed by board-cer-
tified anesthesiologists and surgeons.439 Guidance on 
office-based anesthesia is available from the ASA and 
SAMBA,440 and comprehensive recommendations from 
other organizations and experts have been published. 
Typical recommendations for safe office-based anesthesia 
are summarized in Box 89-2. In essence, the office set-
ting must adhere to the same standards of care required 
in a hospital-based or freestanding ambulatory surgery 
facility. Strong safety processes must be in place, because 
the isolated office-based environment means that outside 
help is not immediately available.

The selection of patients for office-based anesthesia 
should adhere to robust guidelines for safe anesthetic care. 
Because perioperative complications are harder to manage 
in an isolated environment, selection criteria may need 
to be more restrictive than those currently advocated for 
ambulatory surgery in the hospital setting.42 The selection 

Employment of appropriately trained and credentialed anesthesia 
personnel

Availability of properly maintained anesthesia equipment  
appropriate to the anesthesia care being provided

Documentation of the care provided as complete as that 
required at other surgical sites

Use of standard monitoring equipment according to the  
American Society of Anesthesiologists policies and guidelines

Provision of a postanesthesia care unit or recovery area staffed 
by appropriately trained nursing personnel and provision of 
specific discharge instructions

Availability of emergency equipment (e.g., airway equipment, 
cardiac resuscitation)

Establishment of a written plan for emergency transport of 
patients to a site that provides more comprehensive care 
should an untoward event or complication occur that requires 
more extensive monitoring or overnight admission of the 
patient

Maintenance and documentation of a quality assurance program
Establishment of a continuing education program for physicians 

and other facility personnel
Safety standards that cannot be jeopardized for patient  

convenience or cost savings

BOX 89-2 Summary of Office-Based Surgery 
Practice Guidelines Collated From U.S. 
Regulatory Bodies
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process must include a matrix of procedure invasiveness, 
patient complexity, and the capabilities and comfort lev-
els of the facility and its personnel.440 Preoperative prepa-
ration should be guided by the same clinical acumen and 
common sense that drives the decision-making process at 
freestanding surgery centers, with any coexisting diseases 
under good control. Anesthetic techniques suitable for 
office-based surgical procedures are similar to those used 
for hospital-based and freestanding ambulatory surgery 
procedures. MAC remains common, although clearly a 
great challenge exists in “the judicious and skillful use of 
MAC anesthesia to achieve adequate sedation and analge-
sia for increasingly invasive procedures.”441 Increasingly 
a move toward light general anesthesia is occurring—
that is, using an LMA or facemask for airway manage-
ment.442,443 Propofol, sevoflurane, and desflurane are all 
suitable within the office setting, although an anesthe-
sia machine is required to deliver volatile anesthetics. 
Standard equipment can be installed in frequently used 
offices, and portable equipment has been developed for 
less frequent use.437 Fast-track recovery is the ideal with 
patients who are awake, alert, and able to transfer them-
selves from operating room table to a reclining chair, thus 
facilitating room turnover in approximately 10 minutes 
and home discharge within an hour of awakening.437 It is 
important to minimize PDNV.444 Recommendations have 
been made for other outcome measures that should rou-
tinely be audited after office-based anesthesia.440,445 The 
American Medical Association issued a set of Office-Based 
Surgery Core Principles to promote safety and quality of 
health care services for office procedures requiring seda-
tion and anesthesia.446

In the United Kingdom, a similar practice of office-
based dental anesthesia was in place for several decades. A 
series of anesthetic deaths in dental offices led to several 
reviews, culminating in recommendations that all anes-
thetics be administered by accredited anesthesiologists 
with specific training and experience in dental anesthe-
sia, as well as recommendations regarding resuscitation 
equipment and the availability of drugs needed for emer-
gency use.447 Partly because of the high costs of equip-
ment and maintenance, the net result was the movement 
of all anesthesia out of the dental office and back into 
the hospital environment.448 Subsequently, office-based 
anesthesia has never developed in the United Kingdom. 
Minor surgery under local anesthesia is performed in 
some specially equipped primary care surgery centers, 
whereas the majority of procedures that are performed 
in offices in the United States are managed in hospital-
affiliated day surgery units (DSUs), procedure rooms, or 
surgical outpatient clinics in the United Kingdom.

ANESTHESIA IN REMOTE LOCATIONS

Many surgical conditions that formerly needed treat-
ment in a hospital outpatient operating room are now 
being managed by interventional procedures done by 
nonsurgeon physicians in radiology, cardiology, and 
endoscopy (see also Chapter 90). In many cases, deep 
sedation or anesthesia is still required, meaning the 
anesthesiologist has to move into unfamiliar and often 
hazardous environments. The problems associated with 
these diverse locations are considered in detail in Chap-
ter 90, but because many of the procedures are per-
formed on an ambulatory basis or require anesthetic 
management according to all of the usual short-stay 
principles, a brief description is required here. The basic 
sedative and anesthetic techniques already described are 
suitable for most cases, but the conduct of anesthesia is 
likely to have to be modified according to the specific 
environment.

Administration of anesthesia or sedation at remote 
locations is associated with significant risk.449 Some of 
these risks are specific to particular areas (Table 89-7) but 
commonly include an unfamiliar environment; small, 
cramped, or dark rooms; restricted patient access; inad-
equate or poorly trained support; restrictions on patient 
monitoring; and inadequate resources. An analysis of 
ASA closed claims arising from anesthesia care in remote 
locations revealed that adverse events had a higher 
probability of death than those arising in the operating 
room450 and were primarily caused by an adverse respi-
ratory event (44%). MAC was the most common anes-
thetic technique, and respiratory depression secondary 

TABLE 89-7 SOME HAZARDS ASSOCIATED WITH 
ANESTHESIA IN REMOTE ENVIRONMENTS

Area Examples of Specific Hazards

Magnetic resonance 
imaging (MRI) 
scanner

Noise
Strong magnetic fields; no ferromagnetic 

equipment within scanner
Peculiarities of MRI-compatible 

equipment
Remote monitoring may introduce delays 

(e.g., capnography)
Risk for induced currents causing burns 

in coiled cables
Compliance and dead space within 

extra-long breathing circuits
X-ray and 

interventional 
radiology

Radiation exposure; mobility limited by 
lead gowns

Often low light levels
Restricted access and unexpected 

movement of x-ray equipment
Patients may have significant 

comorbidities
Allergic reactions to contrast media
Limited patient access in CT scanner

Endoscopy suite Dark environment, limited access
Patients may have significant 

comorbidities
Risk for hemodynamic disturbance with 

bowel preparation or vagal stimulation 
Shared airway in upper endoscopy

ERCP performed with patient in prone 
position with added hazards of 
radiology

General issues Unfamiliar environment
Old or unfamiliar equipment
Emergency drugs and equipment may be 

rarely used or checked
Lack of dedicated or trained assistance
Scavenging may be difficult or absent

CT, Computed tomography; ECRP, Endoscopic retrograde  
cholangiopancreatography.



to oversedation accounted for over a third of the claims. 
Care that was substandard and preventable by better 
monitoring was implicated in the majority of claims asso-
ciated with death.450 In the United States, the CMS man-
dates that the chiefs of anesthesia services monitor and 
evaluate sedation practices throughout the hospital, and 
accrediting organizations, such as TJC and DNV, audit for 
compliance.

HOME READINESS AND BEYOND

PATIENT INFORMATION

Before discharge, patients should receive postoperative 
instructions concerning aftercare, their transition to nor-
mal activities, and any requirements for follow-up. These 
instructions should be in writing451 because retention 
of information is impaired during early recovery from 
anesthesia,452 and ideally they should be repeated to the 
patient’s escort. Besides general advice, discharge infor-
mation should include the early warning signs for the 
main complications of the specific procedure the patient 
has undergone451 and the action to take should these 
occur.

CRITERIA FOR DISCHARGE

Discharge of the patient after ambulatory surgery and 
anesthesia is a physician responsibility in the United 
States,10 fulfilled by physician-written discharge crite-
ria (Box 89-3). Typically, patients should be oriented 
and comfortable with cardiovascular stability (includ-
ing when standing) and problem-free wounds. Alter-
natively, discharge criteria may be incorporated into a 
scoring system, such as the Post-Anesthetic Discharge 
Scoring System (PADSS).453 Voiding urine is no longer 
considered an essential prerequisite for discharge in 
those at low risk for urinary retention, even after spi-
nal anesthesia.454 For patients at higher risk, the bladder 
volume should be assessed by ultrasound scanning455 
and the patient managed accordingly (Fig. 89-6). Actual 
discharge is frequently nurse-managed,451,456 provided 
patients have been managed according to an appropri-
ate protocol and have met all the necessary discharge 
criteria.

Alert and oriented to time and place
Stable vital signs
Pain controlled by oral analgesia
Nausea or emesis mild, if present
No unexpected bleeding from operative site
Able to walk without dizziness
Has been given discharge instructions and prescriptions
Accepts readiness for discharge
Adult present to accompany patient home

BOX 89-3 Criteria for Facility Discharge at 
the Brigham and Women’s Hospital, Boston, 
Massachusetts

Courtesy B. K. Phillip.
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No rationale exists for a minimum observation period 
after ambulatory surgery in most cases, although patients 
clearly must be observed for a sufficient period to ensure 
cardiovascular stability. One possible exception is tonsil-
lectomy, in which a minimum observation period of 6 
to 8 hours has been advocated to detect most primary 
hemorrhages.28 However, even this has been challenged, 
with a 4-hour observation period457,458 or less459 regarded 
as safe.

AFTERCARE AND FOLLOW-UP

Appropriate aftercare is one of the main safety features of 
ambulatory surgery. Acute complications may be related 
to anesthesia or surgery, and patients should receive 
careful predischarge education about what may occur 
for both. All patients should be provided with a 24-hour 
telephone number for emergency contact. This is often 
the ambulatory surgery unit during the daytime, but it 
may be necessary to provide another number or better 
still to automatically transfer calls when the unit closes at 
night.451 In the United States, patients are also routinely 
given their surgeon’s office and answering service num-
ber to contact directly for surgical issues. Although the 
U.K. health care system includes primary care doctors, 
they have limited experience in potentially life-threaten-
ing early postoperative complications and should not be 
called first. If the patient’s call to the facility or physician 
does raise concerns, it is important that the patient be 
brought back for early surgical review; going to the emer-
gency department also can introduce unnecessary delay. 
Because the ambulatory patient is self-caring and likely 
to mobilize early, symptoms of surgical complications 
are noticed and reported sooner than if the patient were 
recovering in the hospital environment, allowing earlier 
detection and increased safety.

Follow-Up and Outcome Measures
Most ambulatory surgery units routinely telephone 
their patients on the first postoperative day. This allows 
measures to be recorded and audited. The ASA has 
developed a set of outcome indicators specifically for 
ambulatory and office-based surgery and anesthesia.460 
These include outcome events of interest for days 1, 14, 
and 30 and ongoing continuous quality indicators. The 
International Association for Ambulatory Surgery461 has 
developed a series of indicators (Table 89-8) useful in 
the evaluation of the overall success of organizational 
performance, and these mirror the advice from other 
national specialist societies.42,462 Lemos and Barros463 
further defined the value of outcome reporting in a 
range of domains subdivided into clinical, organiza-
tional, social, and economic factors463 that allows the 
reporting of both individual and institutional perfor-
mance (Table 89-9). Return-mail questionnaires can 
be used for patient follow-up after ambulatory surgery 
to help identify common sequelae that ambulatory 
patients should realistically expect to experience.368 No 
matter how data are collected, it is important that infor-
mation from quality indicators is fed back in an effective 
way to individual clinicians and clinical units to support 
continuous improvement.464
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Figure 89-6. Flowchart illustrat-
ing the management of patients 
who fail to void urine after ambu-
latory surgery. (Reproduced from 
British Association of Day Surgery. 
Spinal anaesthesia for day surgery 
patients. London, <http://www.
bads.co.uk.>

Low-Risk Patients
(all those not in high-

risk groups)

May be discharged.
Advise to return if no

voiding within 12 hours

Ask patient to void when
comfortably full and ready

or after maximum of 4 hours

Observe
further

Unable to void
when ready for

discharge

High-Risk Patients
Urology, urogynecology, inguinal or perianal surgery, age >70

years, history of voiding difficulty or incontinence,
spinal anesthesia using >7 mg bupivacaine

Check bladder
volume using

ultrasound

> 400 mL< 400 mL

Discharge with
catheter; trial without

catheter in 2 days

Voids

Check residual
volume using

ultrasound

< 150 mL 150–400 mL

> 400 mL
TABLE 89-8 OUTCOME INDICATORS FOR 
AMBULATORY SURGERY SUGGESTED BY 
THE INTERNATIONAL ASSOCIATION FOR 
AMBULATORY SURGERY

Indicator Reason

Failure to attend the 
ambulatory surgery 
center/unit

Acute medical condition
Decision of the patient
Organizational reasons
Other reason (explain)

Cancellation of the booked 
procedure after arrival at 
the ambulatory surgery 
center/unit

Preexisting medical condition
Acute medical condition
Organizational reasons
Other reason (explain)

Unplanned return to the 
operation room on the 
same day

 Unplanned overnight 
admission

Surgical reasons
Anesthetic or medical reasons
Social or administrative reasons

 Unplanned return of the 
patient to an ambulatory 
surgery unit or hospital

<24 hr
>24 hr and <28 days

 Unplanned readmission 
of the patient to an 
ambulatory surgery unit or 
hospital

<24 hr
>24 hr and <28 days
Adverse Effects After Ambulatory Surgery
Minor adverse events are common after ambulatory sur-
gery and anesthesia (86%).368 Drowsiness is the most com-
mon effect persisting after discharge (62%), and aches and 
sore throat are common in intubated patients (47% and 
49%, respectively). Headache (25%) and dizziness (20%) 
also occur, but nausea and vomiting after discharge are 
less common (17% and 7%, respectively). Patients may 
take 2 to 3 days before they are able to resume their usual 
activities.368 Information about these known side effects 
should be incorporated into the preoperative patient edu-
cation and in the United States may be incorporated in an 
anesthesia consent form.

Acute cardiovascular events (hypertension and hypo-
tension, dysrhythmias, cardiac ischemia, and arrest) occur 
with an overall frequency of 2.9%, with greater risk in 
patients with preexisting cardiovascular morbidity; respi-
ratory events (hypoxemia, laryngospasm, bronchospasm, 
aspiration, pulmonary edema, and pneumothorax) 
occurred in 0.1% of the study population, with increased 
risk in smokers, asthmatics, and the obese.51 Unantici-
pated overnight admission has a worldwide reported inci-
dence of between 1% and 6%. Caution is required in the 
use of this indicator as a standard to achieve, however, 
unless the reasons for the admission are documented. 
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Although the indicator may provide evidence of inad-
equate preoperative assessment and patient optimiza-
tion, differences in surgical case mix and complexity may 
explain any variation across institutions. Ultraconserva-
tive selection criteria could result in an extremely low 
overnight admission rate and inappropriately give the 
impression of a highly performing unit rather than one 
that was excessively cautious with patient selection. Cross 
comparison of this indicator with rates of ambulatory care 
as a proportion of all elective surgery, either by specialty 
or specific operation, could assist with interpretation.

Patient Satisfaction With Ambulatory 
Surgery
Patient satisfaction is a difficult metric to define, depending 
somewhat on the patient’s expectation of care. Neverthe-
less, patient satisfaction is generally very high after ambula-
tory surgery. The patient experience was improved when 
facility staff was thought to be friendly and the surgeons dis-
cussed findings before discharge,465 and these factors were 
perceived by postoperative ambulatory surgery patients as 
being more important than management of postoperative 
pain, starting the IV smoothly, and avoidance of delays. 
Others have found that provision of accurate informa-
tion about the expected perioperative process is important; 
other factors that lead to higher satisfaction are effective 
postoperative analgesia, minimal emetic sequelae, staff 
courtesy and privacy in the unit, short waiting times before 
surgery, no perception of being rushed, postoperative tele-
phone contact, and naturally, good surgical outcome.461
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TABLE 89-9 OUTCOME MEASURES IN 
AMBULATORY SURGERY 

Category Specific Outcome Measures

Clinical Perioperative cardiovascular and respiratory 
adverse events

Minor postoperative morbidity
 Pain
 Nausea and vomiting
 Other: Sore throat, headache, drowsiness
Unplanned return to the operating room on 

the same day of surgery
Unplanned overnight admission
Unplanned return or admission to the Day 

Surgery Unity (DSU) or hospital:
<24 hr
>24 hr and <28 days

Organizational Proportion of elective surgery performed as 
day case

Accessibility to ambulatory surgery programs: 
Number of different procedures included

 Cancellation of booked procedures
 Failure to arrive at the DSU
 Cancellation after arrival at the DSU

Social Patient satisfaction
Functional health status and quality of life

Economic Efficiency rate of operating room usage

From Lemos P, Barros F: Outcome measures. In Smith I, McWhinnie D, 
Jackson I, editors: Oxford specialist handbook of day surgery, London, 
2011, Oxford University Press.
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Non–Operating Room Anesthesia
WENDY L. GROSS

K e y  P o i n t s

 •  The non–operating room arena represents an expanding perimeter of the 
practice. As technology develops and patient acuity increases, non–operating 
room anesthesia (NORA) cases become more demanding in terms of both patient 
management and necessary resources.

 •  Financial and operational constraints create additional management challenges. 
Significant differences in practice result from the fact that NORA cases occur 
in places remote from the operating room (OR) and are performed frequently 
by medical proceduralists who are just now learning about the scope of 
anesthesiology practice. In addition, anesthesiologists are unfamiliar with the 
demands of providing an anesthetic in an environment in which radiation hazards 
are significant, equipment restricts mobility and access to patients, and changes to 
setups used in the OR are common.

 •  This chapter serves as a general guide to the cadence and focus of procedure 
performed outside of the OR, and highlights some of the adaptations, both 
cultural and practical, that are needed to provide a safe and optimal anesthetic.

Acknowledgment: The editors and the publisher would like to thank Dr. Paul E. Stensrud, who was a contributing author 
to this topic in the prior edition of this work. It has served as the foundation for the current chapter.
OVERVIEW: DEFINING NON–OPERATING 
ROOM ANESTHESIA—WHAT IT IS AND 
HOW WE GOT HERE

Non–operating room anesthesia (NORA) refers to all pro-
cedures performed in off-site locations. NORA includes 
a very diverse set of procedures. Historically, cases man-
aged outside of the operating room (OR) were minor, tar-
geted, infrequent, and involved relatively stable patients 
and seldom required anesthesiology support. However, 
the current situation is very different. NORA cases now 
involve nearly every medical specialty, generate (in many 
hospitals) volume and revenue equivalent to that of the 
OR, and are as demanding of anesthesiologists as the 
most advanced surgical OR procedures. They constitute 
a major expansion of our practice perimeter and require 
the same (if not more) attention to operational efficiency, 
planning, rigor, and consistency with which the OR is 
managed.

The flood of NORA procedures now requiring anesthe-
sia support has evolved from rapid technologic develop-
ment and unprecedented increases in patient acuity as a 
result of aging and improved survival. NORA procedures 
include everything from minor to very major endeavors 
and range from day surgery cases to intense cardiac proce-
dures requiring after care in the intensive care unit (ICU). 
Many NORA cases are performed on patients deemed 
“too sick for surgery”; in some cases, the patients are criti-
cally ill or unstable and therefore a need for advanced and 
specialized anesthesiology skills arises.
2646
The purposes of this chapter are twofold. The first is to 
highlight the intrinsic, common, and unique character-
istics of NORA cases that impose unusual constraints on 
anesthesiologists in the out of OR arena. The second is 
to present goals, methodologies, and pitfalls of interven-
tions that may be unfamiliar to anesthesiologists. This 
chapter does not reiterate basic principles of anesthesiol-
ogy practice described elsewhere in the book, nor does 
it describe the technical details of novel procedures. It 
should serve rather as a general guide to NORA proce-
dures and the environment itself. The key to providing 
an optimal anesthetic (in or out of the OR) is thoughtful 
consideration of anesthetic options in the context of both 
the principles of the procedure and the physiology of the 
patient. No substitute exists for taking time to discuss the 
procedure and the patient with the medical procedural-
ist. This is not always easy, because—unlike surgeons—
most medical providers are uneducated about anesthesia, 
are unfamiliar with the skill sets of anesthesiologists, 
and lack experience with many relatively rare but seri-
ous complications (e.g., loss of airway, allergic reactions). 
Many still consider anesthesiology support unnecessary 
because they do not normally think about the synergistic 
ramifications of moderate to deep sedation and complex 
procedures for an older, sicker patient population. This 
chapter equips anesthesiologists with a basic understand-
ing and vocabulary with which to establish effective dia-
logue, in the hope of broadening our own horizons and 
helping to educate our colleagues about the benefits of 
collaborative practice.



NOVEL CHARACTERISTICS OF NORA CASES

NORA cases are characterized by three distinctive fea-
tures: location, operator, and relative novelty. First, the 
procedure never takes place in a typical operating suite; 
second, for the most part (although not always) the oper-
ator performing the procedure is not a surgeon but rather 
a medical interventionalist or proceduralist; and, finally, 
the procedures and technologies used may be novel in 
one way or another. When anesthesiologists are faced 
with the need to provide services to nonsurgeons in non-
OR locations, problems arising from scheduling inconsis-
tencies, ad hoc requests, inadequate physical plant, poor 
communication, and resource limitations can obstruct 
expeditious resolution. The increasing incidence of medi-
cally complex patients needing urgent intervention but 
lacking periprocedural evaluation creates additional 
stress. An expanding need for anesthesiology services out-
side the OR presents an opportunity for us to reaffirm our 
skills and mission.

For many acute and chronic disorders, medical proce-
dures now target the same problems and patients treated 
previously only with surgery. Some practitioners believe 
that noninvasive medical procedures are better toler-
ated than invasive surgical procedures. However, because 
noninvasive procedures are in many cases relatively new, 
long-term outcome studies are still lacking. But certainly 
for a rapidly broadening spectrum of acute and chronic 
problems, surgery in the OR is no longer the only poten-
tial route of treatment.

Medical and surgical procedures now demonstrate 
enormous overlap. Pulmonary embolism, for example, 
can be treated in the OR, in the catheterization labora-
tory, or in the interventional radiology suite. The ultimate 
choice of venue may be a function of acuity of presenta-
tion, but likely also depends on who the patient sees first 
and who is available.

As anesthesiologists, our mission is to safeguard the 
patient through the course of treatment, whatever the 
treatment is, and wherever it occurs. For the most part, 
history has placed us in the controlled environment of 
the OR, where we have organized schedules, protocols, 
and standards of behavior and communication. We have 
grown comfortable there, and perhaps a little complacent.

The perimeter of our landscape now expands beyond 
the familiar domain of the OR, where we enter the domain 
of medical practitioners—for example, interventional car-
diologists, interventional radiologists, gastroenterologists, 
radiation oncologists, and electrophysiologists. It is our 
obligation to follow the need and import our clearly suc-
cessful OR safety standards to new venues, patients, and 
practitioners. This means leaving some of the dogma of the 
OR behind and creating universal standards for broader 
practice. As the landscape changes, unusual and perhaps 
unforeseen obstacles are created. New venues pose physi-
cal, political, economic, and medical challenges that are 
often unanticipated. This chapter delineates the hurdles 
we face—from the most basic to the most complex and 
from the financial to the medical—and offers a perspec-
tive that is becoming more widely accepted. The goal is to 
promote awareness, encourage preemptive planning, and 
clarify the need for collaborative strategy design.
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UNIQUE OBSTACLES: FROM 
PHYSICAL PLANT TO THE MEDICINE-
ANESTHESIOLOGY CULTURE GAP

Non-OR procedure suites are constructed with the pro-
cedural operator in mind, without regard to the needs of 
anesthesiologists. They are often crowded and unfamiliar. 
Access to the patient may be inadequate. Almost univer-
sally, for example, procedure suites that use fluoroscopy 
for guidance are configured so that the C-arm limits access 
to the patient’s head and obstructs direct communica-
tion between the anesthesiologist and the proceduralist. 
Hemodynamic and other monitoring may be controlled 
by someone outside the suite and may not be visible to 
the anesthesiologist. Lead screens may not be available, 
and when they are positioned to protect the anesthesi-
ologist from radiation, pumps and intravenous lines may 
be inaccessible. The fluoroscopy screen is usually at 90 
degrees to the person administering the anesthetic, so he 
or she cannot see the screen while standing behind the 
patient’s head (the position we are used to in the OR). 
Often it is impossible to both have anesthesia equipment 
and monitors close to the patient and procedural equip-
ment in the proper place.

In many cases, procedural suites are remotely located. 
Common electrical and mechanical malfunctions are 
not easily remedied because technical support is not 
nearby and additional supplies may not be accessible in 
timely fashion. This situation demands that care be taken 
before the start of the procedure to ensure that equipment 
is stocked and working and that backup options (emer-
gency supplies, difficult airway equipment) are func-
tioning and readily available. Certain procedure rooms 
require anesthesiologists to spatially reorient themselves 
and their equipment to adapt or reconfigure setups that 
are routine in the OR. This requires mindfulness about 
what we usually take for granted. Distraction of our focus 
away from patient care can be potentially disastrous in 
the face of novel or complex procedures.

Conversely, much equipment routinely found in tra-
ditional ORs is not present in medical procedure suites. 
Although anesthesiologists understand the need to 
import this equipment, medical proceduralists do not. 
For example, gas scavenging may be unavailable, oxygen 
and suction may be suboptimally placed, and monitor-
ing equipment may not function properly because of 
interference with mapping systems or other electronic 
interfaces. Regardless of these preexisting conditions, it 
is the obligation of the anesthesiologist to understand 
and implement changes needed to administer anesthesia 
safely. To this end the American Society of Anesthesiolo-
gists (ASA) has formulated a statement regarding NORA 
locations that articulates minimum standards for all pro-
cedures performed in these areas,1 but these standards are 
quite fundamental and may not fall within the reference 
frame of medical proceduralists.

Even more formidable than the physical constraints 
imposed by non-OR locations is the cultural mismatch 
that can dominate interactions between medical prac-
titioners and anesthesiologists. Lack of mutual experi-
ence and vocabulary, extreme specialization, and unique 
financial and political motivators may contribute to poor 
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communication and misperception. Mutual goals are dif-
ficult to identify in these circumstances; medical inter-
ventionalists may find anesthesiologists obstructive, and 
anesthesiologists often find medical proceduralists cava-
lier. Many medical proceduralists do not understand the 
skill set of anesthesiologists, much less the intricacies or 
subtleties of administering an anesthetic—that is, they do 
not know what they do not know. Likewise, many anes-
thesiologists have only a basic idea (at best) about what is 
happening during the course of a noninvasive procedure 
and do not ask enough questions. They may have limited 
experience in a particular venue, the procedure may not 
be observable, and fluoroscopy screens may be out of the 
field of view or uninterpretable. Usually the procedural-
ist is unlikely to communicate the course of the proce-
dure during the case. Anesthesiologists may be unaware 
of pitfalls and likely complications of the procedure; even 
though they would not undertake administering an anes-
thetic in the OR without understanding the surgery, they 
do this in non-OR locations without a second thought. 
Bridging the communication gap requires effort, but it is 
absolutely critical to optimizing outcomes.

Often proceduralists are consultants, enlisted by pri-
mary care providers who do not convey all relevant 
information. Even when all information is provided, 
specialization predisposes proceduralists to overlook gen-
eral concerns and concentrate on their point of exper-
tise; electrophysiologists, for example, might focus on 
the need for prompt treatment of tachycardia-mediated 
cardiomyopathy but be unaware of contributory prob-
lems and the extent to which they must be dealt with 
to avoid increased morbidity. Anesthesiologists might 
not think about how coughing on extubation might pre-
dispose patients who have had groin sheaths to serious 
hematomas.

When interventionalists undertake novel procedures 
using new technology, the situation can be even more 
troubling. The course of the procedure may be unknown, 
the timing and sequence of events may be unclear, and 
the focus of the procedure may change in midstream. 
When the proceduralist is unsure of what is happening, 
the anesthesiologist cannot possibly have all the informa-
tion needed to administer a tailored anesthetic. Then, as 
technologic innovation accelerates, financial and politi-
cal drivers come into play outside of the OR. Expensive 
new technology is desired by all, and equipment pur-
chases can require enormous capital investments, which 
are depreciated over many years. Upgrading and main-
tenance constitutes an additional expense, and to jus-
tify the outlay, expensive equipment needs to be used. 
Ensuring that the appropriateness of the patient does not 
become secondary to the need or wish to use the latest 
technology sometimes requires insight from a physician 
with a different perspective. Anesthesiologists may find 
themselves in unusual non-OR locations administering 
anesthetics for noninvasive procedures that are long and 
complicated, although the same procedures performed 
invasively in the OR are shorter and relatively straight-
forward. This can be disconcerting, but it is integration of 
medical and surgical viewpoints, along with intellectual 
flexibility rather than adherence to dogma, that underlies 
the new collaborations that must be forged.
Surgeons realized long ago that effective performance 
of surgery required the administration of an appropriate 
anesthetic by another physician. They are thus accus-
tomed to sharing their procedures with other medical 
practitioners. This is not yet always the case for medical 
proceduralists, who are used to working alone and order-
ing sedation by a nurse. As medical procedures become 
even more technically demanding and patient conditions 
more complex, medical proceduralists will find increas-
ing benefit from the support of anesthesiologists. This 
requires collaboration and teamwork, but teams cannot 
function without mutual respect, excellent communica-
tion, common vocabulary, shared experience, and some 
truly overlapping competencies. Thus, argument exists 
for grouping medical specialists with specialty trained 
anesthesiologists who share a mutual knowledge base. 
Amalgamation of medical and surgical perspectives is 
mission critical in driving innovation and averting disas-
ter outside of the OR. Unfortunately, this synergism is 
sometimes missing from the anesthesiologist-medical 
proceduralist dyad. Our hope is to broaden mutual under-
standing and nurture intellectual curiosity in the quest 
for the best possible patient management strategies. In 
pursuit of this goal, we can build on the outstanding 
record of improved patient safety and outcome that char-
acterizes the history of anesthesiology.

FINANCIAL AND OPERATIONAL 
CONSTRAINTS

The impact of financial and operational infrastructure 
on the delivery of anesthetic care outside the OR is sub-
stantial. Because medical, financial, and operational 
constraints and priorities often become blurred, it is 
important to understand the difference between what 
does and what should drive the direction of program 
development. Unsettled questions about which patients 
require an anesthetic; when, where, and with how much 
notice; and who should pay how much for this type of 
support can remain unresolved or be inappropriately 
decided if financial discrepancy, political battles, and 
medical need are not prioritized or organized. The role 
of anesthesiologists may be central here, but the quality, 
safety, and efficiency of the care they deliver is a function 
of the environment as a whole.

EFFECTS OF PAYMENT SYSTEMS

Private health insurance evolved as hospitals transitioned 
from repositories for the impoverished and dying into 
institutions where people actually recovered from illness. 
Hospitalization plans, initially developed by hospitals 
in the 1930s, were a way to supplement the economic 
resources needed for growth and expansion. In those 
days, hospitals functioned as extensions of private offices 
in many ways. Since then, payment systems have become 
more bureaucratic and complex, but remain unsophisti-
cated in terms of promoting care integration.

Medical optimization and financial efficiency are pre-
dictably not the end products of fee-for-service payments. 
As the population ages, care is increasingly specialized 



and complex. The Medicare Payment Advisory Com-
mission (MedPAC) reported that as of 2006, the average 
Medicare beneficiary saw five doctors per year and Medi-
care beneficiaries with three or more chronic conditions 
saw more than 10 physicians a year.2 Now, new nonsur-
gical approaches to what were once surgical problems 
introduce an additional list of specialist providers and 
unanticipated outcomes to an already complex system. 
For patients whose care involved four or more doctors, 
MedPAC reported that 48% experienced medical errors, 
medication errors, or laboratory errors. As technology 
advances and the population ages, risks and benefits 
change and new genres of service emerge and expand. 
Imaging services, which have exploded across disciplines 
in the last decade, are now provided by radiologists, vas-
cular surgeons, cardiologists, internists, anesthesiologists, 
and surgical subspecialists.3 Traditional fee-for-service 
payment systems are not designed to ensure that the right 
treatment is performed on the right patient at the right 
time by the right physician in the right venue. The result 
is that groups of assorted medical proceduralists provide 
in-hospital care that is fragmented and isolated in terms 
of delivery and billing—perpetuated by silos of special-
ized care, despite the interdependent nature of specialty 
services. Coordination of care is needed, but this service 
is iatrogenic, unreimbursed, and often disregarded. Unco-
ordinated, fragmented care facilitates unpredictable need, 
duplication of service, variability of resource use, and 
inconsistent application of quality standards. Payment 
silos create misalignment of goals across specialties with 
similar focus, creating competition rather than collabora-
tion among disciplines and pitting the interests of one set 
of providers against another and discouraging coordina-
tion of services.

In addition, because Medicare lags in its recognition of 
the impact of new technology on treatment cost and out-
come, payment for new technology initially lags behind, 
thereby slowing rates of adoption. It then adjusts pay-
ments late, encouraging overapplication of new technol-
ogies in potentially inappropriate situations. The system 
is unable to keep up with an ever-expanding proliferation 
of new services, new sites, and new practitioners. Patients 
are left without advocates in the midst of a medical and 
financial maelstrom.

Anesthesiologists are particularly vulnerable to under-
compensation in the silo scheme of payment structures, 
because they may be at the mercy of inefficient sched-
uling and unpredictable utilization rates. Additionally, 
many of the indirect services they provide are not bill-
able. Preprocedure evaluation, postprocedure care, and 
periprocedural management services can be extremely 
time consuming but are not reimbursed. Fee-for-service 
systems encourage increased volume but do nothing to 
encourage care coordination or improved quality of care. 
Discussion of these issues is ongoing at national levels.4

Bundled payments, medical home models, and 
accountable care organizations are three avenues of 
reform intended to increase interdisciplinary collabora-
tion and coordination of care between payment siloes 
within institutions. Herculean changes in political and 
philosophical underpinnings will be required for imple-
mentation, and it remains to be seen how effective these 
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undertakings will be in improving care. In any case, 
financial infrastructure remains a key determinant of 
behavior. It is incumbent on anesthesiologists to remain 
at the forefront of new developments as demand for anes-
thesia services in less traditional arenas broadens in an 
environment that diminishes control over the revenues 
we generate.

OPERATIONAL CONSTRAINTS

It is quite clear that despite a multitude of publications 
condemning OR inefficiency and poor productivity, insti-
tutional tradition, idiosyncrasy, and surgical convenience 
continue to create havoc with OR scheduling practices 
and policies. Outside of the OR, medical proceduralists 
are themselves often highly specialized consultants who 
know little about the overall condition of their “referred” 
patients. They are also uninformed about the practice 
of anesthesiology and relatively inexperienced in work-
ing with another “support” physician. To make matters 
worse, the procedures are often ill defined or novel. All of 
these variables make scheduling non-OR cases extremely 
difficult. Key problems in scheduling and staffing non-OR 
cases include the following:

 1.  Non-OR anesthetizing locations are often adapted to 
the specific procedure being undertaken and the needs 
of the medical proceduralist. Unlike ORs, they are 
noninterchangeable.

 2.  Variability may be more problematic because the num-
ber of staff in any one non-OR venue is smaller and 
less flexible.

 3.  Block time may not be in place, and anesthesia cases 
can be placed anywhere on the schedule, making it dif-
ficult to utilize anesthesiology staff productively and 
increasing the likelihood of underutilized but deployed 
resources.

 4.  Non-OR procedures may take place far from the OR. 
Lack of storage space for anesthesia equipment may 
impose longer turnover time and the need for addi-
tional anesthesia technical services.

 5.  Many non-OR procedure suites perform procedures 
on patients referred from outside providers or services 
that are booked through a central scheduling office. 
Periprocedural evaluations are often very cursory or 
not done at all. This imposes an additional bottleneck 
for the anesthesiologist who may need to perform a 
preoperative evaluation before the procedure and can-
cel or delay cases at the last minute.

 6.  Because many non-OR procedures are novel, it is dif-
ficult to estimate the length of the procedure. Booking 
times may be unrealistic, and scheduling anesthesiol-
ogy time may be difficult. Additionally, with new tech-
nology and noninvasive methods, it is very easy for 
the proceduralist to redirect or expand the procedure 
during the case.5

As a group, non-OR cases are more variable, less predict-
able, and, therefore, more difficult to staff cost effectively. 
Some of these difficulties are technical, but some are the 
result of cultural discontinuity and poor communication 
between anesthesiologists and medical proceduralists. 
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Effective management control of this arena requires the 
following at the very least:

 1.  If possible, establish a contract between the anesthe-
siology and procedural departments that encourages 
uninterrupted utilization of available time and mini-
mization of differences between “staffed (contracted) 
time” and “productive time.” In addition, it is worth 
considering a transfer price that confers cost neutrality to 
anesthesia departments while leaving open the option 
to bill for services to cover costs.

 2.  Include all non-OR cases within the electronic data-
base for OR cases, so that resource deployment can be 
planned and modified as needed.

 3.  Create a block schedule that makes sense for the pro-
cedural area; that is, if the area tends to run late, then 
book an anesthesiologist to be there for those hours 
instead of running overtime on the days that more 
or longer procedures are done. Try to encourage 
productive utilization of anesthesiology contracted 
time.

 4.  Implement real-time scheduling. Calculate earliest 
start times, optimal arrival times, and adjusted pre-
operative fasting (nothing by mouth [NPO]) guide-
lines for all patients. Avoid having patients sitting in 
preoperative areas for extended periods because this 
overloads nurses and puts a hold on patients exiting 
procedure rooms while waiting for recovery area beds.

 5.  Improve specialized triage for scheduled outpatients 
in each procedural area by creating triage forms and 
staffing an intake office to minimize delays and can-
cellations. Create a situation in which specialists are 
invested in appropriate preprocedure evaluations.

 6.  Anesthesiology oversight of periprocedural triage and 
postprocedure recovery areas should aim to ensure 
both optimization of patient comorbidities and prompt 
treatment of postprocedure complications. Oversight 
includes unexpected admissions, longer than neces-
sary recovery times, impact throughput, efficiency, 
length of stay, and medical outcomes in non-OR are-
nas just as they do in the OR.

Staff and non-OR locations can be scheduled in many 
ways. The principles outside of the OR are the same as 
they are in the OR. These are to reduce variability, sched-
ule to avoid ad-hoc solutions as much as possible, and 
use real data when available (i.e., real-time scheduling for 
blocks). In addition, consideration of available time and 
productive time is important. Contracts should discour-
age situations in which procedural areas use their rooms 
at rates lower than those of the OR. Full schedules and 
adequate revenue collection should be incentivized; oth-
erwise a subsidy of the anesthesia department is needed 
because the opportunity cost incurred is often significant. 
Without doubt the demand for non-OR anesthetics will 
increase. Whenever possible, proceduralists should be 
involved in scheduling schemes so they are invested in 
the process. The goal is to collaborate so anesthesiology 
goals are aligned with those of the proceduralists and 
integration of mutual competencies occurs. In this way, 
the value-added importance of the specialty can increase 
and outcomes improve.
TRANSITIONAL PRIORITIES FOR 
ANESTHESIOLOGISTS OUTSIDE  
OF THE OPERATING ROOM

As anesthesiology continues its steady integration into the 
world outside of the OR, new obstacles and new oppor-
tunities arise. Unusual procedural venues and practitio-
ners who are unfamiliar with the scope and practice of 
anesthesiology challenge standard procedure. Adaptation 
requires that we confront, explain, reorient, and reinforce 
our traditional concepts of safe practice and standards 
of care. Anesthesiology as a specialty has improved OR 
safety enormously in the past 40 years, and as the scope 
of anesthesiology broadens, there is even more reason to 
redefine and remain steadfast in insistence on well-estab-
lished standards of safe practice, which, although they 
are second nature to anesthesiologists, may be unfamiliar 
to medical proceduralists.

DEFINING INTERDISCIPLINARY SAFETY IN 
NON–OR LOCATIONS: STANDARDIZATION, 
RELIABILITY, AND COMMUNICATION

The unparalleled record of OR safety established by sur-
geons and anesthesiologists relies on standardized, routin-
ized practice. Anesthesiologists depend on the predictable 
characteristics of ORs and of surgeries to optimize anes-
thetic outcomes and gauge the progress of procedures. All 
too often non-OR cases are not routine, the patients are 
not optimized, and the technology is novel. If communi-
cation is poor between proceduralist and anesthesiologist, 
the potential for error and poor outcome increases. Pro-
ceduralists would prefer to proceed without anesthesiolo-
gists and anesthesiologists are reluctant to be involved; 
everyone is fine except the patient. The establishment of 
safety and reliability outside of the OR should seek to par-
allel the same process that evolved in the OR and in other 
industries.

Frankel6 and others have emphasized that environ-
ments that facilitate safety and reliability are character-
ized by the following:

 1.  Encouragement of continuous learning among all 
participants

 2.  A just and fair culture of accountability and responsibility
 3.  Support for teamwork
 4.  Data-based drive for safety and reliability
 5.  Effective communication and flow of information

Depending on the specific venue, NORA procedures 
may be performed in the context of routines, which differ 
from those used in the OR. Specialty-specific procedure 
units can accommodate each of the above with varying 
degrees of difficulty, depending on the medical, finan-
cial, and operational constraints and priorities in place. 
All of these elements are critical characteristics of a safe 
environment.

Continuous Learning
The inclusion of continuous learning as an element of 
process improvement comes from industry7 but also 
applies to the context of multidisciplinary undertakings 



in medicine. Each factor of production determines some 
piece of the final product, and because ultimately goal 
attainment is the sum of successful execution of smaller 
projects, optimization depends on encouragement of 
continuous improvement by all team members, especially 
when this requires making an effort to understand what is 
going on in contiguous steps or stages of the process. Data 
acquisition and analysis should drive process review, and 
team members should be encouraged to ask questions 
and make suggestions. Learning how to do things bet-
ter as part of a team is not the same as learning how to 
do one thing better independently. Competition among 
interdependent facets of an organization may approach 
an asymptote when it comes to improving outcome or 
output. Continuous learning implies that improvement-
seeking is multidimensional, involving both horizon-
tal (across factors) and vertical (related to end product) 
processes.

Culture of Accountability and Responsibility
In a culture of accountability, individuals are held 
accountable for their actions but not for system failures. 
The relevance to medicine is that analysis of adverse 
outcomes should be open and disagreement should be 
managed so that resolution is a function of collaborative 
thought rather than assignment of blame or the applica-
tion of power, bias, or tradition. This is especially difficult 
in environments that challenge the status quo because 
prevailing culture is changing. Anachronistic notions 
about “whose” unit or patient it is must be abandoned if 
interdisciplinary work is to move forward; these are pre-
cisely the settings in which accountability and analysis 
are necessary to improve interdependent functions. The 
launching and recovery of U.S. Navy aircraft is a well-
known process in which this type of outcome-focused, 
nonpunitive review takes place.8

Support for Teamwork Structure
Support for a teamwork structure is a crucial foundation 
of successful interdisciplinary work. It requires that jobs 
are clearly defined, that debriefing occurs constructively 
and within a reasonable time frame, and that leader-
ship take the required steps to ensure that what went 
well is repeated and what did not go well does not hap-
pen again. Fundamental to this is an attitude of mutual 
respect for other team members; this is often the most 
difficult for physicians to generate, because they are 
educated and trained to be self-sufficient, independent, 
and nondelegating. It is also necessary to recognize that 
teamwork does not mean sitting around a table patting 
each other on the back. “Virtuoso Teams”9 are character-
ized by smart people who are opinionated, strident, and 
challenged by an acute need to perform. They get the job 
done by confronting each other and arriving at a mutu-
ally acceptable solution. Leadership is clearly important 
in this endeavor; conflict resolution and negotiation are 
key parts of the process.

An environment that supports data-driven quests for 
safety and reliability is critical if process improvement is 
to occur. As innovative technology develops and proce-
dures become more complex, new operational paradigms 
will evolve as well. The safe and reliable administration of 
Chapter 90: Non–Operating Room Anesthesia 2651

anesthesia in remote locations should be driven by data 
analysis, science, and patient evaluation, not by tradi-
tion, payment plans, or institutional politics. The acqui-
sition of outcome data is a common undertaking in most 
institutions. Making these data accessible and available 
for improving medical care should be a priority, not a 
novel or difficult endeavor.

Effective Communication and  
Flow of Information
Effective communication including the flow of informa-
tion is the most fundamental requirement for safe anes-
thetic practice outside of the OR. Novel interventions 
and technologies, unfamiliar to medical proceduralist 
and anesthesiologist alike, make it imperative that situ-
ational awareness, succinct and direct language, timely 
recommendation, and closed-loop communication are all 
included as components of the verbal interface between 
anesthesiologists and procedural operators. Add to this 
the increased likelihood that the patient has comorbidi-
ties that the proceduralist may be unaware of and the 
fact that the anesthetic may have ramifications for the 
procedure, and it becomes obvious that a simple miscom-
munication or noncommunication can have tremendous 
effects on the outcome of the case. Even medically correct 
actions on the part of the anesthesiologist or procedural-
ist, if not communicated to the other party, can drasti-
cally alter outcome. If, for example, the anesthesiologist 
supports decreasing blood pressure but fails to tell the 
interventionalist, the proceduralist might continue under 
the assumption that all is well when in fact a search for 
retroperitoneal bleeding is more appropriate. Sometimes 
it is impossible for the anesthesiologist to see exactly what 
the proceduralist is doing because the fluoroscopy screen 
is not visible, the mapping is complex, or the interven-
tion is very short and is obvious only to the procedural-
ist. In this case, the anesthesiologist may literally have to 
ask the proceduralist what he or she is doing; there is no 
shame in this. The shame lies in making an assumption 
when the facts are available for the asking. To create the 
same degree of safety and reliability outside of the OR as 
exists in the OR, compromise and adjustment of cultural 
and medical assumptions is required by all parties. With-
out good communication this cannot occur.

NEW NON–OPERATING ROOM  
ANESTHESIA SITES: WHAT IS ACCEPTABLE 
AND WHAT IS NOT

Potential sites for procedures performed outside of the 
OR continue to grow and must be assessed as possible 
anesthesia delivery sites in the context of both the focus 
and complexity of the intervention and common comor-
bidities of the patients to be treated. As technology devel-
ops, any procedure room outside the OR can become 
an anesthesiology delivery site. Although it is ideal for 
anesthesiologists to be involved during the construction 
of off-site procedure areas, this seldom occurs, and even 
when it does, the evolution of cases and the broadening 
of target-patient profiles can render even well-conceived 
units inadequate. Availability of adequate monitoring 
equipment is as essential outside of the OR as it is in the 



PART V: Adult Subspecialty Management2652

OR, perhaps even more so. The ASA Standards for Basic 
Anesthesia Monitoring10 may serve as a fundamental 
guide, but often specific procedures require more than 
basic monitoring. Sometimes, monitoring equipment, 
although present, may not be visible or accessible to 
anesthesiologists, rendering it useless and making addi-
tional equipment necessary. No matter what type or level 
of anesthetic care is provided, an anesthesia machine 
should be present (or readily available) in all NORA loca-
tions because conversion to general anesthesia is always a 
possibility. If the room cannot accommodate anesthesia 
equipment (for size, electrical, or other spatial reasons), 
it is not an acceptable site for the delivery of anesthesia. 
Standards of care outside of the OR should be consistent 
with those in the OR. As sicker patients are increasingly 
cared for in NORA locations, monitoring assumes critical 
status. Of course, there is nothing to prevent a service from 
starting a sedation procedure and then having a “code” 
when the patient fails conscious sedation, but the hope 
is that this will wane in coming years. Appropriate moni-
tors increase the likelihood of early detection and ame-
lioration of problems and undesirable outcomes. Because 
NORA sites are distant from centers of equipment storage 
and additional anesthesia help, it is critical that appropri-
ate patient monitoring be in place so that problems are 
detected and solved early. Our success in establishing and 
maintaining unparalleled safety records in the OR result 
largely from the consistent use of appropriate monitor-
ing equipment. It is never acceptable to sacrifice patient 
safety for the convenience or comfort of a procedural-
ist who may not be used to accommodating equipment 
space requirements or alarms. Flexibility, innovative 
thinking, and some explanation to medical procedural-
ists or technicians who may not understand the need for 
additional or duplicated equipment, may be required. 
Maintenance of safety standards is critical to the realiza-
tion of an adequate anesthetic plan regardless of where it 
is carried out. In non-OR locations, where patients may 
require help from or transport to the OR, emergency pro-
cedures should be clearly stated and posted, along with 
phone numbers for accessing emergency help. Adequate 
preprocedure and postprocedure care space should be 
available to patients undergoing interventions and for 
those who receive an anesthetic. It is certainly standard 
of care that an anesthesiologist be available during the 
recovery period.11

MONITORING IN NON–OPERATING  
ROOM ANESTHESIA LOCATIONS

Physiologic monitoring is a core competency of all anes-
thesiologists and a critical feature of safe anesthesiology 
practice wherever the anesthetic is delivered (see also 
Chapter 44). Just as monitoring standards of care exist 
throughout the OR, they must be consistently in place in 
NORA locations as well. Some studies suggest that adverse 
events occurring outside of the OR may in fact be associ-
ated with more deleterious outcomes and serious injury 
than those in the OR because minimal monitoring stan-
dards are lacking.12,13 Monitoring in NORA locations is 
often suboptimal because the need is not identified by 
anesthesiologists and medical proceduralists are not well 
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formed about what is necessary. Short-sighted cost 
nstraints often determine monitor purchasing. Until 
cently, pulse oximetry was the primary monitoring 
sed to assess adequacy of oxygenation and ventilation, 
espite the fact that pulse oximetry has serious limita-
ons in this regard. Several publications indicate sig-
ificant misunderstanding among nonanesthesiologists 
sing pulse oximetry to monitor patients outside of the 
R,14 and changes in ASA guidelines will help change the 
atus quo. Anesthesiologists providing services outside 
 the OR, however, may find themselves explaining the 
ortcomings of pulse oximetry relative to capnography, 

articularly when discussions arise regarding purchase of 
ew equipment for new NORA locations. Several excel-
nt articles and websites are available as resources.15 Over 
e last 20 years, capnography has become the standard 
 care for monitoring not only ventilation, but also circu-
tion and metabolism16-18 by directly measuring expired 
rbon dioxide levels and indirectly measuring produc-

on of CO2 at the tissue level and delivery of CO2 to the 
ngs. Despite broad utility and clear clinical superiority, 
pnography is not always available in non-OR locations. 
s implementation may be a bone of contention because 
 is less familiar and misunderstood outside of anesthesi-
ogy circles, and it can be expensive to install. Even ICUs 
e commonly without the capability of using capnogra-

hy in intubated patients. For cases in which patients are 
red for by anesthesiologists, capnography equipment is 
ndled with the anesthesia machine. But when anesthe-

ologists are called to step in during failed sedation cases, 
e absence of capnography equipment can be life threat-
ing and make case management very difficult.

REPROCEDURAL EVALUATION FOR NON–
PERATING ROOM ANESTHESIA CASES: 
DDITIONAL CONSIDERATIONS

eoperative evaluation is an essential component of 
esthesia practice, regardless of where the procedure is 
rformed or who is performing it (see also Chapter 38). 
creasingly, patients with serious comorbidities and sig-

ificant compromise are scheduled to undergo proce-
res outside the OR. Often no possibility of optimizing 
ese patients is available; they are slated for nonsurgical 
proaches because they are deemed “too sick for the OR.” 

owever, even a seemingly minor procedure can evolve 
to a disaster in an unstable patient. The ASA Guidelines for 
eanesthesia Evaluation19 of 2012, indicate that a preanes-
esia visit should, at a minimum, include the following:

  A patient interview that includes a physical examina-
tion and a review of medical, surgical, anesthetic, and 
medication history

  Diagnostic laboratory tests and other relevant diagnos-
tic information

  Assessment of ASA status
  Formulation of potential anesthetic plans and presen-
tation of these to the patient

Because several studies have dispelled the notion that 
ere is a body of routine testing that reduces anesthetic 

sk,20,21 anesthesiologists should direct testing to areas 



highlighted and indicated by the patients’ history and the 
procedure they are to undergo. Many non-OR procedures 
are scheduled for patients who have not been seen by the 
interventionalist; therefore, gathering the information 
can be challenging, and sharing or discussing the informa-
tion can prove even more difficult. If patients have numer-
ous serious comorbidities, it may be more reasonable to 
send them to the preoperative evaluation clinic if one is 
available. If not, then an information-gathering exercise is 
required, or the proceduralist risks cancelation on the day 
of the procedure. Occasionally, periprocedural admission 
or consultation with a specialty service is required. Guide-
lines regarding preanesthetic evaluation can be found in 
this book (see also Chapter 38) and many others,22 and 
those guidelines apply to non-OR locations as well. Addi-
tional concerns in non-OR locations make some comor-
bidities more problematic outside of the OR. For example:

 1.  Many procedure suites have beds with lower weight 
limits and less mobility than OR beds.

 2.  Procedure suites for fluoroscopy have beds that cannot 
be placed in Trendelenburg or reverse Trendelenburg 
position.

 3.  Anticoagulation status is often an issue, and guidelines 
may be extended for some procedures.

 4.  Renal status may change the course of the procedure or 
dictate the use of contrast.

 5.  During percutaneous procedures, bleeding may be 
occult, and the potential need for transfusion should 
be addressed preoperatively.

 6.  Percutaneous procedures often require that the patient 
remain still because they necessitate precise movements 
of catheters and wires. Patients with extreme anxiety, 
chronic pain, claustrophobia, mental disability, move-
ment disorders, obesity, or obstructive sleep apnea 
(OSA) or those who are at the extremes of age may not 
tolerate lying on a table for long, even if the proposed 
procedure is not very stimulating. For these patients, 
deeper sedation or general anesthesia may be needed.

Current NPO guidelines for procedures are 6 hours for 
a light meal, 8 hours for a full meal, and 2 hours for clear 
liquids applied to patients without increased risk for aspi-
ration (gastroesophageal reflux disease, gastric dysmotil-
ity, hiatal hernia, diabetes mellitus, bowel obstruction, or 
intraabdominal pathologic conditions).23 This is often a 
bone of contention between anesthesiologists and medi-
cal proceduralists, who may not realize the ramifications 
of a full stomach or may insist that contrast or barium be 
administered before the procedure. Timely preprocedure 
evaluation and enforcement of clear standards for NPO 
can help prevent scheduling mishaps and unnecessary 
delays and cancelations. This may require educating the 
medical proceduralists and their staff.

GASTROINTESTINAL PROCEDURES  
IN THE ENDOSCOPY SUITE

Over the past 5 years, enormous growth in the number 
of gastrointestinal (GI) endoscopic procedures related 
to an aging patient population, increased awareness of 
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cancer screening benefits, broad-based reimbursement for 
screening colonoscopies, and better technology is quite 
evident.24 Increasingly complex procedures and higher 
acuity patients broaden the scope of challenges anesthesi-
ologists face in caring for these patients and also increase 
the need for interdisciplinary input. The choice of anes-
thetic approach requires a thorough understanding of 
both the procedure and the comorbidities of the patient. 
Similarly, preprocedure evaluation and postprocedure 
care, which carry financial and operational constraints, 
assume greater importance. Historically, most endosco-
pists managed healthy patients undergoing minor pro-
cedures with moderate sedation administered by nurses. 
However, moderate sedation is often inadequate in 
the context of sicker patients for simple procedures or 
healthy patients for complex procedures. Therefore, this 
chapter discusses the focus and methods of common GI 
procedures, reimbursement issues that may affect prac-
tice, the frequent comorbidities associated with patients 
undergoing those procedures, and anesthetic approaches 
suggested by anesthesiologists with expertise in the area.

REIMBURSEMENT CONSTRAINTS

Rapid growth in the number of charges to Medicare and 
private insurance companies for anesthesiology support 
of colonoscopies provoked the attention of both Medi-
care and commercial payers to the point at which in 2008, 
a major insurance company amended its reimbursement 
policies,25 stating that they would no longer pay for anes-
thesiologists to administer propofol for screening colo-
noscopies in routine cases. Costs would be reimbursed 
only if the patients had documented comorbidities that 
would likely contraindicate moderate sedation. The 
amendment was prompted by a huge increase in billing 
and significant regional differences with the use of pro-
pofol by anesthesiologists. Despite the fact that the list of 
acceptable comorbidities included more than 200 diag-
noses, nationwide protests from patients and physicians 
prompted the carrier to delay and then cancel implemen-
tation of this policy change. The carrier’s actions were 
prompted by an acute rise in billing, significant regional 
differences in the use of propofol for routine colonosco-
pies, and the growth of independent colonoscopy cen-
ters that churned out many patients per day facilitated by 
the use of propofol, which permitted very rapid turnover 
of cases. The finances of this situation continue to drive 
practice, and the debate continues. Anesthesiologists 
must continue to consider patient need and procedural 
requirements as the criteria by which anesthetic plans are 
formulated because the political and economic aspects of 
the debate will undoubtedly continue.

A broad spectrum of GI procedures takes place in the 
endoscopy suite, ranging from routine screening colo-
noscopies to complex endoscopic submucosal dissec-
tions. Each of these requires specific levels of anesthesia 
depending on the invasiveness and stimulation imposed 
by the procedure and the likely impact on the patient. 
The most common procedures are esophagogastroduo-
denoscopy (EGD), sigmoidoscopy and colonoscopy, 
and endoscopic retrograde cholangiopancreatgraphy 
(ERCP).
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ESOPHAGOGASTRODUODENOSCOPY

EGD involves examination of the upper GI tract (esopha-
gus, pylorus, and stomach) using a fiberoptic endoscope. 
The most difficult parts of the procedure for the patient 
include passing the scope into the esophagus and through 
the pylorus. Any interventions that occur during the pro-
cedure (biopsy, resection, dilation) should be discussed 
with the endoscopist before the procedure because they 
constitute additional stimulation. Important and poten-
tially stimulating therapeutic undertakings during endos-
copy include hemostasis, biopsy, stenting, dilation, and 
mucosal or submucosal dissection.26

Most patients tolerate this procedure well with opi-
oid or benzodiazepine sedation, but for those at risk 
for obstruction or aspiration, children, or very anxious 
patients, general anesthesia may be the best alternative. 
Unfortunately, many patients presenting for EGD—those 
with severe gastrointes tinal reflux disease, morbid obesity, 
asthma, or obstructive sleep apnea—are in this high-risk 
category. In some cases, thorough topicalization is all 
that is needed, but in some patients, this is inadequate for 
the procedure, and in some cases, is difficult to achieve. 
ProSeal laryngeal mask airways, which have a built-in 
gastric drainage port, permit the passage of a pediatric 
endoscope, and this approach may be the best option for 
children and other patients27 who require general anes-
thesia and are appropriate for laryngeal mask airway use. 
As with all procedures above the nipple line that use cau-
tery, precautions must be taken to reduce the potential 
for airway fires.28 This subject is discussed in Chapter 55.

SIGMOIDOSCOPY AND COLONOSCOPY

Sigmoidoscopy and colonoscopy can be diagnostic or 
interventional and involve the examination of the lower 
GI tract, including either the sigmoid colon only or up 
to the distal ileum. This examination can be difficult for 
some, although most patients tolerate it with a combi-
nation of benzodiazepines and opioids. Interventions 
such as biopsies or polyp removal may require increased 
analgesia. Most anesthesiologists provide sedation with 
propofol; however, even in situations in which GI endos-
copists are permitted to direct nurses to administer pro-
pofol, one study found that the mean bispectral index 
(BIS) score of patients was 59, indicating they were under 
general anesthesia.29 Some gastroenterologists maintain 
that this depth of sedation or anesthesia allows for more 
thorough examination, but no data have indicated that 
a “better” examination is performed. Remifentanil has 
been compared with propofol in the context of seda-
tion for colonoscopy. Although patients given remifen-
tanil “recovered” earlier, they also had more nausea and 
respiratory depression than the propofol groups. When 
inhalational agents such as sevoflurane and nitrous oxide 
were compared with total intravenous anesthesia (TIVA), 
such as propofol, fentanyl, and midazolam in patients 
undergoing colonoscopy, the TIVA group emerged faster 
but had longer-lasting psychomotor impairment than the 
inhalational group.30-32

As with upper endoscopy, specific interventions 
during sigmoidoscopy and colonoscopy constitute 
additional stimulation, including introduction of the 
endoscope, colonic insufflation, advancement of the 
endoscope, and additional endoscopic intervention 
such as biopsy, polypectomy, stenting dilation, and 
mucosal resection.

The ability and need to titrate a drug quickly and 
appropriately drives the choice of anesthetic, and new 
studies looking at patient-controlled sedation pumps are 
under way. Studies of patient satisfaction and indicators 
of procedural success are ongoing, as are several trials of 
patient-administered sedation and other types of com-
puterized pumps.

ENDOSCOPIC RETROGRADE 
CHOLANGIOPANCREATGRAPHY

ERCP is a fluoroscopic examination of the biliary or pancre-
atic ducts accomplished through an endoscopically guided 
injection of contrast through the duodenal papilla. Patients 
are usually in the prone position. ERCP often requires pre-
cise intervention during the procedure; a patient who is 
gagging or squirming during the intervention invites disas-
ter in terms of procedural outcome and airway or pulmo-
nary and other organ compromise. Many patients who 
require ERCP are compromised. Their diagnoses include 
cholangitis, pancreatitis, bile duct obstruction, pancreatic 
cancer, and other significant comorbidities. Potentially 
stimulating interventional maneuvers during ERCP include 
hemostasis, stent placement, stone extraction, pancreatico-
biliary visualization, laser lithotripsy, and sphincterotomy.

These are delicate and detailed interventions, and 
patient immobility is required. For this reason, many 
anesthesiologists prefer general anesthesia for ERCP. In 
addition, the patient’s airway is effectively inaccessible 
to the anesthesiologist. Published data support this pref-
erence as well, procedural failure rates are twice as high 
for sedation patients as they are for general anesthesia 
patients, and the complication rate for general anesthesia 
cases may be lower.33-34

NATURAL ORIFICE TRANSLUMENAL 
ENDOSCOPIC SURGERY: THE NEXT 
FRONTIER?

Natural orifice translumenal endoscopic surgery 
(NOTES) represents an approach to abdominal and peri-
toneal procedures that integrates the perspectives of 
endoscopic medicine and minimally invasive surgery. 
The use of NOTES in humans is in the very early phases, 
and several cases have been reported of transvaginal and 
transgastric cholecystectomy.35,36 Thus far these cases 
have required a pneumoperitoneum and general anes-
thesia; however, as technology improves, these param-
eters may change and NOTES procedures may take their 
place among the numerous other interventions per-
formed outside the OR.

An example of a NOTES used by GI endoscopists to 
treat esophageal achalasia is peroral endoscopic myot-
omy (POEM). Esophageal achalasia is characterized by 
poor peristalsis of the esophagus in combination with 
increased muscle tone and incomplete relaxation of 
the lower esophageal sphincter (LES). Symptoms arising 



from impaired entry to the stomach include nausea an
vomiting, dysphagia, and/or pain. The POEM procedur
has been developed as a minimally invasive procedur
to correct achalasia by endoscopically insufflating th
esophagus with CO2 and then making an incision int
the mucosa from the mid-esophagus (through the gastro
esophageal (GE) junction) to 2 to 3 cm into the prox
mal stomach. During insufflation, patients may have a
increase in ETco2 that can be controlled using mechan
cal ventilation. Potential risks of insufflation range from
subcutaneous emphysema to pneumothorax, pneumo
mediastinum, and pneumoperitoneum. This procedur
commonly requires several hours and is best accom
plished using general anesthesia with an endotrachea
tube. This technique protects the patient from aspiratio
of gastric contents and allows the anesthesiologist t
minimize the perils of CO2 insufflation. As with all NOR
procedures, vigilance, teamwork, and communication ar
vital to ensure not only the success of the procedure bu
the safety of the patient, as well.

INTERVENTIONAL PULMONARY 
PROCEDURES

Bronchoscopic interventions have grown to encompas
many traditional surgical procedures performed in th
OR. Not only are the patients at high risk in most case
but the procedures involve the airway, so the potentia
for disaster is high. Discussion, communication, an
planning are particularly critical in this environment.

Common Bronchoscopic Procedures
Common bronchoscopic procedures include the follow
ing (see also Chapter 66):

 1.  Endobronchial stenting: placement of self-expandin
metallic stents to treat stenosis

 2.  Endobronchial biopsy, laser treatment, and cauterizatio
 3.  Balloon dilation and cryotherapy

As technology advances and target population
broaden, new procedures are evolving. Several inte
ventions that represent interesting amalgamations o
preexisting technologies have made their way to th
bronchoscopy suite, as follows:

 1.  Endobronchial ultrasound-guided transbronchial nee
dle aspiration (EBUS-TBNA). This procedure is used t
image the bronchial wall and adjacent structures. 
allows ultrasonic visualization of mediastinal lymp
nodes and other peribronchial lesions and therefore 
a useful staging tool

 2.  Electromagnetic navigation bronchoscopy (ENB). Th
technique permits biopsy of endobronchial tissue tha
is not visible using computer software that creates 
virtual multiplanar lung reconstruction from com
puted tomography (CT) data. A sensor probe and elec
tromagnetic location board guides the operator to th
appropriate location during the bronchoscopy.

 3.  Fiducial marker implant. Markers are placed before ste
reotactic radiosurgery via bronchoscopy or ENB.37
Chapter 90: Non–Operating Room Anesthesia 2655

d 
e 
e 
e 
o 
-

i-
n 
i-

 
-
e 
-
l 

n 
o 
A 
e 
t 

s 
e 
s 
l 

d 

-

g 

n

s 
r-
f 
e 

-
o 
It 
h 
is 

is 
t 
a 
-
-
e 

-

NOVEL ANESTHETIC CONCERNS

The site of intervention creates several special anesthetic 
considerations. Preoperatively it is important to review 
common comorbidities, which in these patients include 
obstructive and restrictive lung disease, cardiac disease, 
malnutrition, chronic aspiration, and tobacco and alco-
hol use. Although simpler procedures may be completed 
with sedation, complex procedures demand general anes-
thesia. Because a rigid bronchoscope is used during some 
aspects of these interventions, intravenous anesthetics 
are preferred. Instrumentation of the airway and inser-
tion of biopsy or therapeutic equipment will compromise 
delivery of inhaled anesthetics to the patient and poten-
tially pollute the procedure room. Propofol and remifen-
tanil infusions are well tolerated and can be titrated to 
effect. Dexmedetomidine may be used as well. BIS moni-
toring may be helpful. Use of muscle relaxants is also pre-
ferred to prevent coughing and eliminate any chest wall 
rigidity. Muscle relaxation also facilitates introduction of 
equipment. The use of steroids during and after treatment 
has not been demonstrated to be effective in reducing 
edema; however, in cases in which general anesthesia is 
not used, the risk for aspiration is increased. In these cases 
the usual antiemetics and dexamethasone may be help-
ful.38 Complications commonly encountered include air-
way obstruction, bronchospasm, bleeding, hypoxia, and 
airway fire (see also Chapter 88). Because potential com-
plications are significant, patients should be observed in 
an appropriate unit postprocedure and, if needed, admit-
ted to the hospital for observation.

ANESTHESIOLOGY FOR IMAGE-GUIDED 
INTERVENTIONS: EVOLUTION OF A  
NEW INTERFACE

Over the last several decades, radiology has redefined its 
historical character as a largely diagnostic specialty to 
one that now encompasses an expanded menu of inter-
ventional undertakings, in keeping with technologic 
development and patient need. The scope of procedures 
performed in interventional radiology settings is as broad 
as the number of diagnoses known to the medical pro-
fession and is expanding. In fact, not all interventional 
radiation procedures are performed by radiologists. Some 
take place in specialty areas with other names, such as 
catheterization laboratories, neuroradiology suites, CT 
scanners, magnetic resonance imaging (MRI), and even 
in ORs. Some are performed by interventional cardiolo-
gists or surgeons. For that reason we will discuss inter-
ventional procedures here in terms of their purpose and 
focus, rather than categorizing them by the location in 
which they are performed or the specialty of the person 
performing the procedure. The common characteris-
tics shared by most of these interventions are that there 
are no surgical incisions; there is some type of imaging 
involved (fluoroscopy, ultrasound, CT, positron emission 
tomography [PET], MRI); and access to the organ, tumor, 
or vascular structure in question is through a small hole 
by wires or catheters. Beyond that, the array of available 
technologies and possible interventions (both diagnostic 
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and therapeutic) is astonishingly broad. Dogma aside, the 
scope and intensity of procedures undertaken in inter-
ventional suites rivals that of surgeries performed in any 
OR, and often, patients undergoing non-OR procedures 
are sicker than those undergoing conventional surger-
ies. Unfortunately, they often lack preoperative evalua-
tion and are not medically optimized. Frequently non-OR 
patients become candidates for noninvasive procedures 
precipitously because they are felt to be too sick or too 
high risk for the OR or because the need for intervention 
develops urgently or emergently.

Understandably, this creates discomfort for anes-
thesiologists of a traditional mindset, but these are our 
patients too, and we are trained to deal with such situa-
tions. Given this scenario, it is imperative that anesthe-
siologists make the effort to understand as thoroughly 
as possible the planned course of the procedure (under-
standing that this can change midstream) and the nature 
and acuity of the patient’s comorbidities, which may not 
be apparent to the proceduralist. As in the OR, the chal-
lenge is to preemptively think about how the prospective 
procedure will affect the patient’s physiologic status and 
design a successful anesthetic plan for the case. However, 
the additional caveat, as with all non-OR anesthetics, is 
that this may require learning about a procedure, tech-
nology, or modality that may be novel, unfamiliar, or 
in clinical trial. Also, it may fall to the anesthesiologist 
to introduce the potential ramifications of the patient’s 
comorbidities and anesthetic risks to the proceduralist in 
a constructive manner. Many interventional specialists 
are consultants, not involved in the primary care of the 
patients they are treating. They may be unaware of seem-
ingly peripheral aspects of their patient’s physical status 
that are in fact quite central to good outcome. Creating 
a clear, collegial, and workable path of communication 
between medical proceduralist and anesthesia provider is 
paramount. The need for anesthesia support may reflect 
the needs of the patient and not the complexity of the 
procedure. The interventionalist may be highly focused 
and technically oriented and may not understand the 
concerns of an anesthesiologist. Our mutual tasks are to 
understand what needs to be accomplished and to bring 
our skills to bear in a manner that bridges the knowledge 
gap, creating an atmosphere of safe and reliable interdis-
ciplinary collaboration that optimizes outcome.

DIAGNOSTIC AND THERAPEUTIC 
INTERVENTIONS: NEW CHALLENGES

The need for anesthesia during minimally invasive pro-
cedures continues to grow as the scope of image-guided 
interventions broadens. As the population ages and tech-
nologic advancement marches forward, image-guided 
procedures will continue to supplement and perhaps 
replace conventional surgeries, especially for patients 
whose comorbidities make traditional surgical approaches 
risky. Image-guided procedures, although noninvasive, 
can cause pain and anxiety and carry the risk for poten-
tially life-threatening complications. Anesthesiologists 
are called on to keep patients comfortable and safe and to 
facilitate optimal outcomes. Image-guided interventions 
may be diagnostic, therapeutic, or both. Many diagnostic 
procedures are short and tolerated well with nothing 
more than conscious sedation; however, for a compro-
mised patient, even the most minor procedure can be 
problematic. Interventional procedure suites impose 
constraints not normally encountered in the OR. Addi-
tional considerations that emerge in these environments 
include unfavorable equipment layout, radiation expo-
sure, occult bleeding risk, and contrast allergies.

EQUIPMENT LAYOUT

The layout in any radiology suite can be problematic for 
anesthesiologists because x-ray tubes and moving C-arms 
create a zone of inaccessibility around the patient’s head 
and limit placement of the anesthesia machine. This 
necessitates the use of extensions on ventilator circuits 
and intravenous lines, increasing the potential for mis-
hap. Infusion pumps, blood warmers, and other monitors 
must be placed far away from moving imaging equipment 
to prevent them from being knocked down or tangled dur-
ing C-arm rotation and movement. In addition, imaging 
screens are often at right angles to the anesthesiologist, 
making it impossible to see what the interventionalist 
is doing or assess the progress of the case. Anticipating 
events is therefore difficult unless good communication 
occurs between the anesthesia and radiology staffs.

Radiation Exposure
Radiation exposure is a serious consideration for anesthe-
siologists, and steps must be taken to minimize it. Most 
exposure results from scatter of the x-ray beam. The spe-
cifics are not discussed in this chapter; however, excellent 
discussions and guidelines for optimization of radiation 
safety are readily available (see also Chapters 67 and 110). 
It is important that anesthesia staff wear properly fit-
ting lead shielding, including thyroid shields and leaded 
glasses; use portable lead screens; and wear radiation 
badges that are monitored on a monthly basis. Even so, 
several recent studies indicate that exposure of anesthesia 
personnel to radiation is quite high and that the exposure 
of the head and face of anesthesiologists can exceed three 
times the exposure of radiologists39 because of their posi-
tion in the room. Unfortunately, anesthesiologists often 
have to dig through the available lead aprons worn by 
others because they are not yet considered part of the 
team. Many of the cases in which anesthesiologists per-
form are long and involve significant radiation exposure. 
Wearing someone else’s lead shielding is uncomfortable. 
Lead shielding is only protective if it fits.

Related to the exposure problem is the need for the 
anesthesiologist to leave the room during specific imag-
ing runs such as digital subtraction angiography (DSA). 
This can be planned and executed so that it does not 
interfere with the anesthetic or compromise safety, but it 
is definitely a novel aspect of NORA. Many anesthesiolo-
gists do not undergo consistent or repetitive training in 
radiation safety. All radiation exposure should follow the 
ALARA (“as low as reasonably achievable”) principle. The 
radiation beam attenuates based on the inverse square 
of the distance from the radiation source (1/d2).40 Short-
ened exposure time, increased distance from the source of 
radiation, and barriers to radiation (lead shields) are three 



ways in which to reduce exposure. Often, radiation time 
is under the control of the operator performing the pro-
cedure. Many of the new and more complex procedures 
involve prolonged exposure to radiation. As anesthesiolo-
gists’ participation outside of the OR increases, our expo-
sure to imaging increases, and this will become a routine 
part of our practice.

Contrast Material
Contrast material is commonly administered during 
interventions guided by imaging. Standard ionic, high-
osmolality contrast agents are associated with dose- and 
concentration-dependent adverse reactions in 5% to 
8% of patients. Anaphylactoid (idiosyncratic) reactions 
are unrelated to dose or concentrations administered.41 
Reactions can be severe and include laryngeal edema, 
bronchospasm, pulmonary edema, hypotension, and 
respiratory arrest or seizures. Oxygen, epinephrine, and 
bronchodilators are the recommended rescue regimen. 
For pretreatment of patients with a history of contrast 
reaction, steroids, and diphenhydramine are recom-
mended. The use of low-osmolality contrast further 
reduces the risk for adverse reactions. Patients with renal 
insufficiency are at risk for contrast-induced nephropa-
thy. These patients should receive preprocedure hydra-
tion and administration of N-acetyl cysteine before and 
after the procedure.42

Bleeding
Bleeding may be occult during percutaneous interven-
tions and is a serious concern in patients receiving antico-
agulation regimens (see also Chapter 62). Guidelines for 
optimizing coagulation parameters change frequently. 
For patients who do not undergo anticoagulation for 
other reasons, the international normalized ratio (INR) 
should be less than 1.5 and the platelet count more than 
50,000. If possible, warfarin should be held for 5 to 7 
days before the procedure, clopidogrel and aspirin for  
5 days, and fractionated heparin for 12 to 24 hours. Hepa-
rin should be stopped 4 to 6 hours before the procedure. 
Nonsteroidal antiinflammatory drugs (NSAIDs), although 
less critical, should be held for 1 to 2 days, if possible.43 
It is not unreasonable to send a sample to the blood bank 
for any patient undergoing an interventional procedure. 
Of course, it is critical to communicate clearly with the 
interventionalist when hemodynamic parameters change 
or the initiation of blood pressure support becomes 
necessary.

VASCULAR INTERVENTIONAL PROCEDURES

Angiography, the general term for imaging of blood ves-
sels includes arteriography and venography (see also 
Chapter 69). This involves the acquisition of images dur-
ing injection of contrast material. In many institutions 
this technique has been replaced by CT angiography 
(CTA). DSA, a technique that imposes a contrast-injected 
image on top of a previously acquired noncontrast image, 
improves accuracy. Arteriography can be used to evalu-
ate atherosclerotic and ischemic disease, define the arte-
rial supply of tumors and vascular anomalies, and define 
traumatic injury. After diagnostic imaging, interventions 
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using balloons, stents, or balloon-mounted stents take 
place. Follow-up arteriography is used to evaluate the 
result. In some cases, arteriography serves as a precursor 
to later surgery.

Thrombolytic therapy can be delivered to veins, arter-
ies, or conduits that are thrombosed. The earlier the 
intervention the more successful it is likely to be. Various 
agents are used, including recombinant tissue plasmino-
gen activator (r-TPA), urokinase, and others.42-44 Throm-
bolytic therapy is generally contraindicated in patients 
with ongoing bleeding, recent bleeding, pregnancy, 
known allergy to thrombolytic agents, suspected aortic 
dissection, or the presence of a nonviable extremity.

Embolization therapy is used in a wide range of condi-
tions, including trauma, hemorrhage, vascular anomalies, 
fibroids, aneurysms, and tumors. The goal is to occlude 
arteries or veins either temporarily or permanently. This 
can be done mechanically with coils, balloons, or glue; 
or with chemical agents that are temporary (gelfoam) or 
permanent (alcohol). In these cases, arteriography first 
defines and localizes the lesion and the embolic agent 
is then delivered to the appropriate place with imaging 
guidance.

For all of these vascular interventions, the nature of the 
case, the comorbidities of the patient, and the intricacy 
of the procedure will determine the need for and extent 
of anesthesia involvement. Complications to anticipate 
include bleeding during thrombolysis, undesired emboli-
zation of nearby structures during embolization, and ves-
sel disruption. Depending on where the target vessels are, 
potential complications should be appropriately antici-
pated in terms of planning for physiologic sequelae and 
the need for blood products.

Venography or imaging of the venous system is used 
in the context of stent placements, inferior vena cava 
(IVC) filter placement or removal, pulmonary arteriog-
raphy, embolization of pulmonary arteriovenous mal-
formations (AVMs), thrombolysis, and selective venous 
sampling. Central venous angioplasty is most frequently 
undertaken in patients who have indwelling devices. 
IVC filters are placed to minimize the risk for pulmonary 
embolus arising from the migration of deep vein throm-
boses from the lower extremities or pelvic veins. Indica-
tions for IVC placement include high risk for pulmonary 
embolism, failure of anticoagulation or contraindications 
for anticoagulation, and allergy to anticoagulants. Both 
removable and permanent filters are available and can be 
placed via transfemoral or transjugular approach. For the 
most part, these procedures require little or no sedation; 
however, obese patients who cannot lie flat need anes-
thesia support (see also Chapter 71). Pulmonary arteriog-
raphy is used less frequently than in the past because of 
the speed and reliability of pulmonary CTA; however, the 
procedure is useful when others are ambiguous to look for 
pulmonary AVMS or pseudoaneurysms, and to evaluate 
pulmonary hypertension.44

BILIARY AND HEPATIC INTERVENTIONS

Procedures to treat biliary or hepatic pathology are 
among the most challenging performed outside of 
the OR. Not only are the interventions themselves 
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painful, intricate, and technically demanding, but also 
the patients are often extremely compromised. Hepatic 
and biliary procedures include transhepatic cholangi-
ography, percutaneous transhepatic biliary drainage, 
hepatic venography with hemodynamic measurement, 
liver biopsy and the creation of transjugular intrahepatic 
portosystemic shunts (TIPS procedure), and portal vein 
embolization (PVE). Patients scheduled for biliary proce-
dures may present with jaundice, cholangitis, bile duct 
leak, or other related abnormalities. Clearly, significant 
comorbidities accompany these disorders. Contraindi-
cations for these procedures include bleeding diathesis, 
inability to tolerate contrast, and the presence of large 
hepatic arteriovenous malformations, significant ascites, 
and hydatid disease.

Biliary drainage is accomplished by placing the patient 
supine on the table, and inserting a long needle obliquely 
into the hepatic parenchyma. Contrast is delivered with 
the goal of imaging the necessary structures. Cholecystos-
tomy tube placement is performed to improve symptoms 
in patients with acute cholecystitis but who are not can-
didates for surgery. Here, the gallbladder is imaged with 
ultrasound, CT, or fluoroscopy; the gallbladder is accessed 
through a needle that traverses the liver; and a drain-
age catheter is placed. For these procedures the choice 
of anesthetic depends entirely on the patient’s habitus, 
comorbidities, and pain tolerance. Obese patients are dif-
ficult to image, and optimization of needle position also 
can be difficult (see also Chapter 71). Patients may pres-
ent with a history of tolerance to pain medications and 
with compromised metabolism, which requires careful 
choice of drugs. Lying flat may be impossible for patients 
with ascites.

Hepatic venography and hemodynamic assessment 
are performed to assess suspected venous anomalies 
(Budd-Chiari) and quantitation of portal hypertension. 
Liver biopsies can be performed during these proce-
dures. Access for these procedures is usually transjugular 
and involves needle insertion followed by wire access 
and insertion of a long vascular sheath. Many patients 
find this extremely difficult to tolerate. Hepatic venogra-
phy and pressure monitoring is done through an angled 
catheter before it is advanced to wedge in the hepatic 
vein. A calculation of corrected sinus pressure, the differ-
ence between free pressure and wedge pressure, defines 
the degree of portal hypertension. Once the catheter is 
wedged, it provides an estimate of portal venous pres-
sure.45 The creation of a portosystemic shunt requires 
positioning of a needle advanced through the hepatic 
parenchyma and into the portal vein. The parenchymal 
tract is dilated with an angioplasty balloon and a stent 
is inserted. This is a painful and difficult procedure, 
vastly oversimplified here for clarity. It may be quite 
lengthy and general anesthesia is advisable. Indications 
for the creation of TIPS include repeated esophageal 
variceal bleeding refractory to medical treatment and 
intractable ascites. It is often used as a bridge to liver 
transplant. Contraindications to this procedure include 
preexisting hepatic encephalopathy and ongoing alco-
hol abuse, which preclude liver transplantation. Signifi-
cant pulmonary hypertension, valvular heart disease, or 
heart failure contraindicates this procedure.46 PVE is a 
relatively new technique designed to reduce blood flow 
in hepatic segments containing tumor, while encourag-
ing hypertrophy of remaining hepatic tissue. The goal is 
to improve survival among patients undergoing resec-
tion of hepatic neoplasms by increasing postsurgical 
hepatic tissue mass. Embolization is accomplished with 
portal vein angiography and coils. Acute complications 
include bleeding, bile leak, pleural insults, and contrast 
reactions.

GASTROINTESTINAL AND GENITOURINARY 
INTERVENTIONS

Interventional radiologists perform direct-access GI pro-
cedures, the most common of which is the percutaneous 
gastrostomy tube (G-tube). Other variants include cecos-
tomy and jejunostomy tubes. For G-tube placement, the 
stomach is distended with air via a nasogastric (NG) tube. 
Subsequent gastropexy is performed by some practitio-
ners as a means of stabilizing the stomach; the stomach is 
entered with a needle and a wire and an appropriate tube is 
inserted and placed in the proper location. Acute compli-
cations include bleeding, violation of adjacent structures, 
and peritonitis. In many cases, these procedures can be tol-
erated with sedation.

Genitourinary (GU) procedures in the radiology suite 
focus on obtaining direct access to the renal collecting 
system. Dilation and stenting can be performed, and 
suprapubic cystostomy is also a procedure commonly 
performed in radiology suites. Nephrostomy tube place-
ment is performed to divert urine in the face of obstruc-
tion from stones, tumor, or other obstructive pathology. 
In general, the technique involves injecting contrast, 
identifying the renal pelvis, accessing it, and inserting a 
tube.47 Prone positioning of the patient is required, which 
generates an attendant list of potential anesthesia con-
cerns, including airway issues, pain management, access, 
and more. Interventionalists may attempt to convince 
anesthesiologists that “less is more”; however, stimula-
tion can be intense during these cases, and in general, it 
is worth thinking about the “what if” scenario—that is, 
deep sedation in a prone patient is difficult to advance to 
general anesthesia.

PERCUTANEOUS INTERVENTIONS  
FOR ONCOLOGY

Percutaneous interventions for oncology are relatively 
new and are rapidly expanding. Imaging guidance is 
achieved with CT, ultrasound, or fluoroscopy. Transarte-
rial chemoembolization (TACE), percutaneous ablations 
(with radiofrequency, laser, cryoablation, or alcohol) 
can be directed at tumors and image-guided insertion 
of radioactive materials can be performed. Commonly, 
hepatic, kidney, lung, and adrenal lesions are targeted. 
Complications are similar to those of other percutane-
ous interventions; positioning depends on the site to be 
accessed. Often, general anesthesia works best for these 
procedures because the interventions may be intermit-
tently painful, control of breathing may be optimal, and 
patient cooperation may not be compatible with the level 
of sedation required.48



PROCEDURES GUIDED BY COMPUTED 
TOMOGRAPHY, POSITRON EMISSION 
TOMOGRAPHY, AND MAGNETIC 
RESONANCE IMAGING

COMPUTED TOMAGRAPHY

CT is now a commonly used guidance modality for a broad 
array of percutaneous interventions, and CT fluoroscopy, 
which combines the improved imaging capacity of CT 
with the real-time imaging of fluoroscopy, is also widely 
used. CT is used to guide both diagnostic and therapeutic 
procedures. Diagnostic undertakings include biopsies and 
drainage of fluid collections; therapeutic interventions 
include tumor ablation and injections for pain manage-
ment. Procedures occurring in the CT suite encompass the 
usual constraints of radiation exposures on operators and 
anesthesiologists, and patients are at risk for bleeding and 
contrast reaction. In addition, some special preprocedural 
considerations are important. Obese patients may not fit 
inside the scanner, and special (longer) needles and drains 
may be needed. Positioning in the scanner may be diffi-
cult, and the usual airway considerations apply, especially 
because it is nearly impossible for the anesthesiologist to 
have continuous access to the head. For the most part, 
biopsies performed under CT guidance can be accom-
plished with sedation, but when the stimulation is intense 
or repeated breath-holds are required, general anesthesia 
may be needed. For patients with significant comorbidi-
ties (obesity, pulmonary or cardiac compromise, chronic 
pain, or history of difficult intubation), securing the air-
way before the procedure is prudent.

Computed Tomography–Guided Biopsies
CT guidance is useful for obtaining biopsy tissue for cyto-
logic or histologic examination. Needles range from 25 to 
18 gauge, and the patient is positioned to minimize the 
distance from skin to lesion and maximize the safety of 
the approach. Liver biopsies are usually performed with 
the patient supine or slightly oblique, and retroperitoneal 
masses may require lateral decubitus or prone position-
ing. For the most part, it is helpful to the interventionalist 
if the level of sedation remains consistent throughout the 
procedure, so that large shifts in target location resulting 
from alterations in ventilation do not occur. However, 
levels of stimulation during these procedures can vary tre-
mendously, presenting considerable challenge to the anes-
thesiologist if general anesthesia is not planned. Biopsies 
of carcinoid or adrenal tumors can be equally problem-
atic, whether in the radiology suite percutaneously or in 
the OR. In both cases, stimulation of hormone release can 
precipitate severe hypotension or hypertension, which is 
difficult to manage. If pheochromocytoma or carcinoid 
are suspected, pretreatment should be considered.

Computed Tomography–Guided 
Therapeutic Interventions
CT–guided therapeutic interventions include catheter 
drainage, ablation of tumors, and injections for pain man-
agement. Anesthetic planning for these procedures requires 
understanding of patient comorbidities and the tech-
niques of the interventionalists. Excellent communication 
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between anesthesiologist and interventionalist is needed 
for coordination of procedure and anesthetic because 
unanticipated patient movement or interventional short-
fall can have drastic consequences for procedural outcome.

Catheter Drainage
CT-guided abscess drainage has become common. 
Options include the modified Seldinger and trocar tech-
niques. Although local anesthesia may suffice for super-
ficial collections, the location of the fluid collection and 
the anticipated trajectory of the needle or trocar may 
be quite painful during the insertion or dilation phase. 
Before the procedure, the proceduralist and anesthesi-
ologist should discuss the intended approach, potential 
anesthetic choices, and backup planning for transition-
ing to a deeper plane of sedation or anesthesia. Preemp-
tive planning can make the difference between a smooth 
procedure with a good outcome and a prolonged, difficult 
intervention. Anesthesiologists should be prepared to 
treat potential complications, which can occur as a result 
of injury of surrounding structures.

Computed Tomography–Guided Ablation
A variety of ablation techniques are now used to target 
malignant neoplasms. Percutaneous injection of alcohol 
(95%) or phenol (6%) is used to target tumors. Alcohol 
can be instilled using needles or catheters, but the injec-
tion is usually quite painful. Large volumes of alcohol or 
inadvertent injection into a vascular structure can cause 
tachycardia and respiratory depression. Other ablation 
techniques involve the use of radiofrequency ablation, 
cryoablation, and microwaves. These procedures may 
be lengthy because they involve precise placement of 
applicators for the delivery of the ablation tool, whatever 
that may be. Reproducible breath-holds may be needed 
to facilitate placement. Radiofrequency ablation induces 
coagulative necrosis at temperatures above 50° C; the 
heating process can produce pain, whereas cryoablation 
is a less painful procedure.49,50

Computed Tomography–Guided Injections 
for Pain Management
Procedures for pain management include phenol and 
alcohol injections into a plexus, ganglion, or nerve (see 
also Chapter 64). Neurolysis is the intended outcome. 
Injection of steroids into joints for local pain manage-
ment and mitigation of inflammatory processes is also 
performed. Many patients requiring these procedures 
are tolerant to pain medication. Body habitus may be an 
important factor in these patients as well, and depending 
on the source of pain, patients with cancer may be espe-
cially challenging in terms of attendant comorbidities.

POSITRON EMISSION TOMOGRAPHY  
AND POSITRON EMISSION TOMOGRAPHY 
COMPUTED TOMOGRAPHY

PET is an imaging technique used for diagnosis, staging, 
and follow-up of malignancies. Scanning is undertaken 
after injection of a radiolabeled glucose analogue fluo-
rodeoxyglucose (18F-FDG), which is taken up by malig-
nant cells preferentially and is not metabolized, thereby 
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serving as a tumor marker. FDG-PET is used to distin-
guish benign from malignant lesions, identify metaboli-
cally active portions of necrotic tumors, and monitor 
responses to treatment. The combination of positron 
emission tomography and computed tomography (PET/
CT) provides both the metabolic information of PET and 
the anatomic precision of CT. PET/CT-guided interven-
tion is an emerging modality.51 For these procedures, 
patients are imaged beginning 60 minutes after injection. 
Imaging may require serial positioning, during which 
PET and CT images are acquired sequentially, so care 
must be taken to maintain consistent patient positioning 
throughout the image acquisition so that misregistration 
of image overlap does not occur. PET scanners include a 
long, mobile gantry that both limits access to the patient 
and requires that monitoring equipment be long enough 
to accommodate motion of the table. PET/CT suites rep-
resent another potential anesthestizing location. When-
ever possible, anesthesiologists should be involved in the 
planning of these suites because wall-mounted gases, suc-
tion, and installed monitoring equipment must be stra-
tegically placed. It is likely in the future that PET will 
be used to augment CT-guided interventions; therefore, 
planning a space that will allow inclusion of anesthesiol-
ogy equipment will ensure uneventful interventions and 
optimal outcomes.

MAGNETIC RESONANCE–GUIDED 
INTERVENTIONS

MRI is an ionizing radiation-free technique that uses 
magnetic fields and radio waves to create images. The 
quality of soft tissue images generated by MRI surpasses 
that of ultrasound or CT. MRI is still largely a diagnos-
tic tool but is emerging as an interventional modality as 
well. Because MRI can acquire multiplanar, temperature-
sensitive, and contrast-enhanced images, complete visu-
alization of interventional implements such as wires or 
needles is possible.47 Images quality is proportional to 
magnet strength. Field strength, measured in tesla units 
ranges from low (0.1 to 0.5 T), to medium (0.5 to 1.0 T),  
to high (1.5 to 3.0 T), to ultrahigh (>3.0 T). Imaging 
sequences can be manipulated to highlight tissue charac-
teristics based on water content, vascularity, and presence 
of hemosiderin. The superiority of MRI-generated soft tis-
sue images facilitates biopsy and ablation of structures 
that evade CT or ultrasound.48

Physical Constraints of Magnetic Resonance 
Imaging Suites
All equipment used in the MRI suite must be MRI com-
patible; that is, the equipment will not cause harm to the 
patient, affect image quality, or be affected by the MRI 
scanner. Objects containing iron or stainless steel become 
mobile projectiles in an MRI suite because of the magnetic 
field, regardless of their size. Therefore, special care must 
be taken to ensure that all equipment used in an MRI 
suite is unaffected by magnetic attractive forces, heating, 
or current induction. Similarly, patients themselves must 
be screened. Any implanted devices must be assessed for 
MRI compatibility. Patients with pacemakers, implant-
able cardioverter-defibrillators (ICDs) (see also Chapter 
48), cochlear implants, pumps, nerve stimulators, or other 
metal objects such as aneurysm clips, metal fragments, or 
bullets, should not be scanned. These objects are subject 
to heating and movement. Increasingly, vascular clips, 
staples, orthopedic implants, heart valves, and other pros-
theses are nonferromagnetic and scanning of patients 
with these implants is possible. Monitoring devices are 
increasingly available in MRI-compatible format, as are 
interventional equipment, surgical equipment, and anes-
thesia equipment.52 Detailed information regarding MRI 
safety is available in Chapter 110 and elsewhere.

Claustrophobic or large patients may be unable to 
tolerate being inside of an MRI machine, making even 
diagnostic procedures difficult for them. Newer MRIs 
combine a wider bore with high-field systems, improving 
accessibility and making it easier for patients to tolerate 
procedures. Because interventional MRI requires constant 
movement in and out of the scanner, typical interven-
tions take much longer than the same procedures done 
elsewhere. Emergencies must be planned for because the 
MRI interventional suite may be isolated, and conven-
tional emergency equipment may not be MRI compat-
ible. Even a standard laryngoscope can become a deadly 
missile in an MRI suite.

Magnetic Resonance Imaging–Guided 
Interventions
In cases in which CT is inadequate, MRI may be useful 
because of its multiplanar capability. MRI has been used 
to guide breast and prostate biopsy and biopsy of other 
tumors not well visualized by other means. For the most 
part, local anesthesia and sedation suffice for these proce-
dures. Tumor ablation using cryoablative technology can 
be performed in the MRI suite. This procedure can be done 
with ultrasound or CT as well, and the choice of MRI as an 
imaging modality indicates the need for precise soft tissue 
imaging. MRI also provides better visualization of tissue 
during freezing and thawing than CT or ultrasound, and 
MRI-guided cryoablation is safe and effective for liver, kid-
ney, breast, and prostate tumors and in the treatment of 
uterine fibroids.53 For these cases, repeated breath-holds 
may be needed, and the procedures may be lengthy. Pain 
is not uncommon during freezing and heating of tissues; 
therefore, general anesthesia may be required.

Bleeding is the most common complication after some 
of these procedures (also see Chapter 62). Thrombocy-
topenia is a rare but serious complication of extensive 
liver ablation. Extensive ablations can also induce myo-
globinemia or myoglobinuria. Cryoablation of adrenal 
lesions can induce hypertensive crises as normal adrenal 
tissue responds to thawing.54 MRI can facilitate the use 
of focused high-intensity ultrasound therapy by provid-
ing more precise imaging. Clinical trials of this technique 
are in progress. Temperature-sensitive MRI images can 
assess dosage of ultrasound, and gadolinium-enhanced 
MRI images can assess tissue response. MRI offers many 
potential advantages that may broaden the scope of cur-
rent interventional procedures because of its capacity to 
provide improved imaging over that available with CT or 
ultrasound. The need to develop MRI-safe environments, 
equipment, and monitoring and to understand the limi-
tations of sedation and need for anesthesia during long 



and uncomfortable procedures are the next steps i
extending the usage of this modality.

IMAGE-GUIDED PROCEDURES FOR 
SPECIALTY AREAS: NEURORADIOLOGY 
AND INTERVENTIONAL CARDIOLOGY

Neuroradiology and interventional cardiology are con
sidered here as specialties because they each mirror are
that anesthesiologists have also chosen to designate 
areas of specialization or fellowship training (neuroane
thesia and cardiac anesthesiology) (see also Chapters 6
and 70). The language of neurology, neuroradiology, ca
diology, and interventional cardiology is part of the lan
guage of neuroanesthesia and cardiac anesthesia. Thu
the platform for clear communication exists and shou
be used to optimize procedural outcome. Of course, 
alluded to earlier in this chapter, common vocabulary 
necessary but not sufficient; mutual respect, a culture o
safety and learning, and a functional teamwork structu
are important elements of a successful unit.

Advances in neuroradiology and interventional card
ology have been incredibly rapid; technology has deve
oped and target patient populations have broadened. I
both of these areas, percutaneous approaches to former
surgical problems have multiplied, as has the potential fo
the involvement of anesthesiologists. In many ways, th
development of new techniques represent a “disruptiv
technology”55 within the field of medicine and threaten
to further blur distinctions between medical and surg
cal treatments. The unpredictable and demanding ne
landscape of novel interventional cases frequently elic
ad hoc responses from unsuspecting anesthesiologists. 
is time for us to reevaluate dogma and use overlappin
competencies to facilitate the success of new, cuttin
edge interventions; these procedures are the future of th
practice. Think of how it must be for an intervention
radiologist, when discussing a new or complex procedu
with an anesthesiologist, to be asked, “Why don’t you ju
do this in the OR?” simply because the scheduling wou
be more convenient or the anesthesiologist would b
more comfortable in an operating room? Scheduling con
flicts must be resolved; everyone needs to compromise. 
the OR is safer in our view, then it is incumbent on us t
make the interventional suite safe as well, by explainin
to the proceduralist what changes need to be made an
why. No procedure is without risk, and comfort level o
convenience should not drive practice standards.

PROCEDURES IN THE NEURORADIOLOGY 
SUITE

The field of interventional neuroradiology is relative
new. It has grown broadly and rapidly as a result 
improved device technology (catheters, coils, and stents
better imaging techniques, and safer contrast media (se
also Chapter 70). Cerebral angiography remains the go
standard for imaging the cerebral vasculature. Diagno
tic cerebral angiography usually can be performed wit
conscious sedation, but interventional procedures requi
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a broad range of anesthesiology because of the length of 
the procedure, delicacy and complexity of the technique, 
and need for a still patient. Certain procedures generate 
hemodynamic perturbations that require management by 
the anesthesiologist. On the other hand, some procedures 
(i.e., carotid stenting) can be done with the patient awake, 
to facilitate neurologic assessment. Anesthesia for each 
of these procedures must be considered in concert with 
patient comorbidities and status, on a case-by-case basis. 
Although the technical details of neuroradiology proce-
dures are beyond the scope of this chapter (see Chapter 
70), the basic focus and required steps in commonly per-
formed interventions are outlined here.

GENERAL CONSIDERATIONS  
FOR ANESTHESIOLOGISTS  
IN THE INTERVENTIONAL SUITE

As with other areas outside of the OR, physical charac-
teristics of the interventional suite affect anesthesia prac-
tice (see also Chapter 49). Equipment makes access to 
the patient’s head difficult, radiation exposure must be 
considered, and contrast reactions must be anticipated. 
Because of the intricacy of the procedures, uncooperative 
patients and those with impaired consciousness or move-
ment disorders should be considered candidates for gen-
eral anesthesia. If time permits, arterial lines are advisable; 
if not, the neurointerventionalist can upsize a femoral 
sheath to permit arterial monitoring. Other neuromoni-
toring technologies can be helpful as indirect measures of 
cerebral perfusion; electroencephalography and somato-
sensory, motor, and brainstem evoked potentials have 
all been studied in this regard. Many neuroanesthesiolo-
gists use opioids, avoiding inhalational agents because of 
their confounding effects on electroencephalography and 
evoked potentials. As in the OR and other non-OR sites, 
the anesthesiologist and proceduralist need to be aware of 
each other’s plan, progress, and complications.

ENDOVASCULAR TREATMENT  
OF CEREBRAL ANEURYSMS

Endovascular treatment of cerebral aneurysms achieves 
percutaneous isolation of aneurysms from the circula-
tion by placement of a soft platinum coil within the 
aneurysm (see also Chapter 70). The procedure intraan-
eurysmal embolization may require placement of several 
coils. Several types of coils are available. Coiling proce-
dures are least complex in aneurysms with a small, nar-
row neck. Coiling of wide-necked aneurysms requires the 
introduction of a stent; the coil is subsequently intro-
duced through the stent.42 Stent implantation, which 
requires preprocedure and postprocedure anticoagula-
tion, increases bleeding risk. Therefore, stent- assisted coil 
embolization is limited to unruptured aneurysms. Endo-
vascular treatment with coils demonstrated better out-
comes than surgical clipping in patients who sustained 
a subarachnoid hemorrhage related to an aneurysm, but 
clipping improved resolution of cranial neuropathies.56 
Complications include aneurysm rupture or thrombo-
embolism. If rupture occurs, heparin should be reversed 
with protamine (1 mg/100 International Units heparin) 
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and the arterial blood pressure decreased by the anesthe-
siologist. The usual course of action is to continue the 
coiling as quickly as possible. Thromboembolic events, 
usually platelet related, occur in 3% of cases and cause 
permanent neurologic deficit in 1.7% to 5% of cases 57 
(see also Chapter 62). If a thromboembolic event occurs, 
the proceduralist will make an attempt to dissolve or 
remove the clot with either a mechanical device or intra-
arterial administration of a thrombolytic or antiplatelet 
agent. Some aneurysms have no neck or are inaccessible. 
This is the case most commonly with cavernous, petrous, 
extracranial vertebral, internal carotid, or giant aneu-
rysms of the subarachnoid space. Treatment of these 
requires parent artery occlusion, which is possible only 
if good collateral flow exists. This requires a preliminary 
procedure known as a parent artery balloon test occlu-
sion.58 It involves first advancing a wire to the site of 
the proposed artery sacrifice. A neurologic examination 
is then performed, heparin is administered to prolong 
the activated clotting time, and a balloon is inflated to 
occlude the artery. Neurologic examination follows. In 
some institutions radionuclide enhanced cerebral vascu-
lar studies are undertaken. If the patient tolerates occlu-
sion, coiling may proceed. If not, a surgical intracranial 
bypass may be required.

ENDOVASCULAR TREATMENT OF 
ARTERIOVENOUS MALFORMATIONS

AVMs in the brain are an area of direct connection 
between small arteries and the venous system without 
normally intervening capillaries. The usual presentation 
of this lesion is intracranial hemorrhage. Patients with 
AVM must be angiographically evaluated for the pres-
ence of associated aneurysms. This evaluation involves 
catheterization of selective feeder arteries to determine 
the precise source of the hemorrhage. Current therapy 
for cerebral AVM includes embolization, microsurgi-
cal resection, stereotactic radiosurgery, or combination 
treatment. Embolization preceding surgery can mini-
mize bleeding and reduce AVM size. Small AVMs may 
be appropriate for endovascular treatment. Techniques 
for embolization of AVMs in the neuroradiology suite 
include the use of flow-directed microcatheters, solid 
occlusive devices, particulates, and liquid embolic 
agents. Complications include embolization of post-
AVM vessels precipitating rupture, passage of embolic 
material into the pulmonary circulation, and microcath-
eter entrapment.59

INTERVENTIONAL NEURORADIOLOGY: 
ACUTE STROKE TREATMENTS

Acute stroke treatment has evolved significantly over 
the last 10 years. Intravenous r-tPA treatment has been 
replaced with intraarterial thrombolysis because it allows 
extension of the treatment time window from 3 to 6 
hours, delivers a higher concentration of lytic drug to the 
target vessel, yields higher recanalization rates, and can 
be combined with other interventional techniques.

Initially a detailed cerebral angiogram is obtained and 
the level of occlusion is identified. A microcatheter is 
inserted over a microguidewire, contrast is injected, and 
the clot is localized. At this point, r-tPA is injected beyond 
the clot and the catheter is pulled back through the 
thrombus. If the occlusion persists, mechanical means of 
clot disruption or extraction are considered. This must be 
undertaken within 8 hours of the event. Several devices 
are available for retrieval or aspiration. Stent placement 
or angioplasty is also possible. A recent study of throm-
bectomy in patients treated within 8 hours demonstrated 
a recanalization rate of 57.3% of treatable vessels and 
69.5% after adjunctive therapy. Thirty-nine percent of 
patients had favorable outcomes.60

Most patients with acute stroke are significantly com-
promised. General anesthesia is advocated. In addition, 
a narrow therapeutic window is available for interven-
tions: 6 hours after the patient was last seen is normal 
for intraarterial thrombolysis and 8 hours for mechanical 
clot disruption. Often the anesthesia team has little time 
to gather preoperative information. A bolt or extraven-
tricular drain may be necessary to measure intracranial 
pressure during the procedure.

INTERVENTIONAL CARDIOLOGY 
PROCEDURES: GENERAL CONSIDERATIONS 
FOR CATHERIZATION LABORATORY AND 
ELECTROPHYSIOLOGY LABORATORY

For the past 20 years, medicine has witnessed a crescendo 
of new procedures in interventional cardiology and elec-
trophysiology (see also Chapter 68). The catheterization 
laboratory and electrophysiology laboratory—in terms 
of both volume and scope—define new specialties. In 
parallel, the need for anesthesiology involvement has 
increased. As new technology emerges into the medical 
marketplace, percutaneous treatment of structural heart 
disease has become part of the repertoire of interven-
tional cardiologists, creating new and exciting opportu-
nities for cardiac anesthesiologists. The anesthetic care 
of structural heart disease patients in the catheterization 
laboratory represents a new horizon for cardiac anesthesi-
ologists, as does real-time echocardiographic guidance for 
placement of intracardiac closure devices. The role of car-
diac anesthesiologist as co-proceduralist in this context is 
discussed later in an addendum to this chapter.

Similarly, the electrophysiology laboratory now offers 
expanded treatment options for patients with late-stage 
heart failure and complex arrhythmias. Because many 
of these procedures are long and involved, most are 
performed with general anesthesia or combinations of 
sedation and general anesthesia. Many patients have sig-
nificant comorbidities. Often the proceduralists involved 
are unaware of the ramifications these present for proce-
dural success, although this is changing. In this new and 
challenging arena, collaboration and planning between 
interventionalist and anesthesiologist are required to 
ensure patient safety and optimized outcome. A clear 
understanding of the procedure to be performed, possible 
pitfalls, and unique patient characteristics is necessary for 
the formulation of a safe and effective plan. As always, a 
common knowledge base and vocabulary facilitate inte-
gration of care.



THE LABORATORY ENVIRONMENT: UNIQUE 
CHALLENGES FOR ANESTHESIOLOGISTS

This section presents an overview of the laboratory
environment(s), the evolution and future pathways of
current practice(s), cases performed in each venue, and
current anesthetic approaches. Invasive cardiology proce-
dures performed in the cardiac catheterization laboratory
include the following:

 1.  Diagnostic cardiac catheterizations and coronary
interventions

 2.  Peripheral vascular diagnostic and therapeutic procedures
 3.  Amelioration of structural heart disease by the place-

ment of intracardiac devices
 4.  Implantation of intraaortic balloon pumps and percu-

taneous left ventricular assist devices

Common electrophysiology laboratory procedures
include the following (see also Chapters 48 and 68):

 1.  Electrophysiology studies
 2.  Atrial and ventricular radiofrequency ablation procedures
 3.  Implantation and removal of pacing and cardioverter

defibrillator devices

These procedures potentially require the involvement
of anesthesiologists if the patient has significant comor-
bidities. However, some ablations and electrophysiology
studies and some device implants and removals can be
performed with nurse-administered sedation. Some pro-
cedures are lengthy and technically demanding; some
require that the patient be still. In such situations, pres-
ervation of hemodynamic stability and maintenance of a
sedated or asleep state may indicate the need for a general
anesthetic.

Catheterization laboratory and electrophysiology lab-
oratory environments differ significantly from the OR. It
is important for anesthesiologists to recognize the limita-
tions of the venue and understand the flow of cases and
responsibilities of ancillary personnel. Innovation and
flexibility are necessary with respect to equipment avail-
ability and positioning and the nature and tempo of the
anesthesiology-cardiology interface.

Electrophysiology and catheterization laboratories are
built with separate control stations and procedure rooms.
The control area is shielded from radiation and is the van-
tage point from which the progress of the procedure is
recorded. An operator outside of the procedure room con-
trols recording of data, patient monitoring, video record-
ing and editing, and digital record keeping. Anesthesia
equipment is not included in the array of controls outside
the room. If robotic equipment is used, it is kept outside
of the procedure room and catheter manipulations are
made from there.

Room Configuration and Equipment Layout
Within the procedure room itself, cardiologists, anesthesi-
ologists, nurses, and radiology technicians contribute to the
care of care patient during the procedure. It can be daunting
to know who is who and who is responsible for what. It is
best to ask if unsure. In an emergency, understanding who is
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in charge of a life-saving therapy (i.e., defibrillator) can elim-
inate confusion and save lives. The procedure room includes 
fluoroscopy equipment (x-ray tube and C-arm), which usu-
ally surrounds the patient’s head, making access difficult. 
The procedure table is mobile, and screens for viewing the 
procedure are at 90 degrees to the anesthesiologist. Sterile 
tables for the cardiologist, closets or portable storage units 
for various catheters, wires for the procedures, and blood 
analysis machines take up a lot of space. Anesthesia equip-
ment (machine, cart, pumps, monitors), often an after-
thought, is frequently pushed into the back of the room. 
Although lead screens hang from the ceiling to protect the 
cardiologist, no such protection is available for anesthesi-
ologists, so portable lead screens, unwieldy and heavy, must 
be wheeled into the area between the anesthesia area and 
the fluoroscopy equipment. The anesthesiologist should 
become familiar with the contents of each procedure room, 
which varies across institutions, because usually things have 
to be moved, and moving the wrong thing can be problem-
atic. Gas outlets and suction, monitors for vital signs, car-
dioverter-defibrillator, emergency medications, and airway 
equipment are critical and may not be optimally or even 
obviously placed. Longer tubing or extensions are needed 
for ventilator hoses, intravenous lines, suction, and more. 
Electrical outlets may not be sensibly located, and extension 
cords may be needed. Other equipment frequently found in 
these rooms may include ventricular assist devices, intraaor-
tic balloon pumps, device programmers, and echocardiogra-
phy machines. Space can become an issue during complex 
cases when a plethora of additional equipment is needed.

The fluoroscopy table and fluoroscopy equipment are 
controlled by radiology technicians and cardiologists. 
These move during the procedure to facilitate imaging, 
sometimes with no warning. As with all NORA locations, 
the local availability of extra equipment and an emer-
gency airway cart becomes essential when the anesthesia 
workroom is not nearby. With cardiac patients, time can 
be critical. An anesthesia cart stocked with intravenous 
lines, medications, airway equipment, and medication 
essentials is important in the cardiac catheterization and 
electrophysiology laboratories. All personnel in the labo-
ratory should be informed about the location and names 
of emergency equipment because the anesthesiologist 
may be alone and occupied during an emergency.

ANESTHESIOLOGISTS IN THE 
ELECTROPHYSIOLOGY LABORATORY

Clinical electrophysiology has redefined itself over the 
past 15 years (see also Chapter 48). Advanced technol-
ogy and increased demand have driven exponential 
growth in the number of electrophysiology procedures. 
Additionally, the scope of these procedures has also dra-
matically changed from simple diagnostic procedures to 
major, life-saving, therapeutic interventions. More than 
14 million Americans are affected by arrhythmias, and 
many of these patients require hospitalization and com-
plex medical care. ICDs reduce mortality and morbid-
ity for those with malignant tachyarrhythmias, and as a 
result, implantations and revisions of these devices have 
skyrocketed.61
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The performance of many of these procedures now fre-
quently mandates administration of general anesthesia 
because the procedures are long and many patients have 
comorbidities that make it unlikely they would tolerate a 
procedure under sedation. Optimal anesthetic planning 
requires the anesthesiologist to integrate patient comorbidi-
ties, nature of the arrhythmia, and tempo and framework 
of electrophysiology procedures. This section reviews the 
most commonly performed electrophysiology procedures.

ELECTROPHYSIOLOGY STUDIES

Diagnostic electrophysiology studies are usually under-
taken in conjunction with either therapeutic procedures 
to evaluate and treat specific arrhythmias or device place-
ments (see also Chapter 48). They can determine the elec-
trophysiologic etiology of specific symptoms or events. 
Intracardiac recordings are made from catheters placed 
via femoral venous access into the high right atrium, bun-
dle of His, coronary sinus, and right ventricular apex or 
right ventricular outflow tract. Arrhythmias are induced 
by programmed stimulation.62 For these studies, sedation 
with benzodiazepines and short-acting opioids is usually 
sufficient. Drugs that may affect inducibility of certain 
arrhythmias should be avoided.

CATHETER ABLATION

Conduction abnormalities of many etiologies can generate 
rhythms that create hemodynamic instability and cardiac 
compromise. In general, these rhythms result in uncoordi-
nated or ill-timed contraction; they are too slow, too fast, 
or mechanically abnormal. Bradyarrhythmias arise from 
either abnormal impulse generation or abnormal impulse 
propagation, which results in a slow rate. Tachyarrhyth-
mias that are regular with a normal QRS include atrial flut-
ter, atrioventricular nodal reentry tachycardia (AVNRT), 
and supraventricular tachycardia (SVT). Tachyarrhythmias 
that are irregular with normal QRS include atrial fibrilla-
tion and multifocal atrial tachycardia. Tachyarrhythmias 
with wide QRS include ventricular tachycardia and SVT 
with aberrancy.63 Arrhythmias can have many etiologies, 
both metabolic and mechanical. Common electrophysi-
ologic generators of arrhythmias include abnormal auto-
maticity, anatomic reentry, and triggered activity. These 
abnormalities can be identified and treated using percuta-
neous catheter–based ablation techniques.

Catheter ablation is commonly used to treat SVTs, 
such as AVNRT, Wolf-Parkinson-White syndrome–
related tachycardias, atrial flutter, atrial fibrillation, and 
ventricular arrhythmias in selected patients. Radiofre-
quency energy and cryotherapy are most commonly used 
for ablation. Both of these energy sources can be painful 
when delivered to target tissues.

Recent American College of Cardiology (ACC) and 
American Heart Association (AHA) Atrial Fibrillation 
Guidelines state that in patients with little or no left atrial 
enlargement, catheter ablation is a “reasonable alterna-
tive to pharmacologic therapy” to help prevent recur-
rence of atrial fibrillation.64

Radiofrequency catheter ablation is used for arrhyth-
mias that are refractory to pharmacologic therapy and as 
a first-line treatment for other arrhythmias. The following 
arrhythmias can be treated with radiofrequency ablation: 
atrioventricular reentrant tachycardia, supraventricular 
arrhythmias associated with the Wolf-Parkinson-White 
syndrome, atrial ventricular reentrant tachycardia, atrial 
tachycardia, atrial flutter, idiopathic ventricular tachy-
cardia, bundle branch reentrant ventricular tachycardia, 
right ventricular outflow tachycardia, atrial fibrillation 
with an uncontrollable rapid ventricular response (radio-
frequency ablation of the atrial ventricular node and 
placement of a permanent pacemaker), and atrial fibril-
lation. Radiofrequency is also used as adjunctive therapy 
for recurrent ventricular tachycardia resulting from coro-
nary artery disease or arrhythmogenic right ventricular 
dysplasia.65

During ablation procedures, catheters are placed 
throughout the cardiac chambers and programmed 
stimulation is performed from different sites to induce 
tachyarrhythmias. Complex mapping techniques localize 
the source of the arrhythmia to identify the exact intra-
cardiac location to which the radiofrequency energy must 
be applied. Mapping techniques include activation map-
ping; pace mapping; entrainment mapping; anatomic 
fluoroscopy-based, three-dimensional electroanatomic 
mapping; three-dimensional noncontact mapping; and 
intracardiac echocardiography-guided anatomic map-
ping. Because of the precision required for mapping and 
applying radiofrequency energy, the patient must lie still 
during the procedure. General anesthesia ensures patient 
comfort and optimizes mapping. Paralysis should be 
avoided during radiofrequency ablation so that phrenic 
nerve stimulation can be performed to avoid injuring 
this structure. Remifentanil or sufentanil infusions can be 
administered in this setting.

Radiofrequency ablation procedures are becom-
ing longer. Atrial fibrillation ablations often require  
4 to 6 hours, followed by a 30-minute observation time 
after ablation with repeat stimulation (sometimes with 
pharmacologic agents as well) to ensure success of the 
procedure.65

Patients range from young and healthy to those with 
extensive comorbidities. Coughing, snoring, and partial 
airway obstruction are problematic for sedation and for 
the progress of the procedure. Snoring can precipitate 
swinging of the intraatrial septum, making transseptal 
catheter placement difficult. Ventilatory control with 
general anesthesia is preferable for obese patients, those 
with OSA, or those with potential pulmonary problems. 
Drugs that affect the sympathetic nervous system should 
be avoided, if possible, during mapping of ectopic foci 
and tracts. In patients with ventricular dysfunction, ino-
tropic and vasoactive agents may be necessary to main-
tain hemodynamic stability during arrhythmia induction. 
Close communication with the cardiologist is necessary 
in these situations. Frequently, electrical cardioversion is 
necessary during the case.

ELECTROPHYSIOLOGIC DEVICES

Devices for the control or eradication of arrhythmias 
have diminished in size and increased in sophistication 
over the past 10 years (see also Chapter 48). More patients 



qualify for device implants, and the number of proce-
dures for implantation, revision, and upgrade of devices 
has grown. The two most common types of devices are 
ICDs and pacemakers.

Implantable Cardioverter-Defibrillators
ICDs have been demonstrated to be efficacious and safe 
in a number of large, prospective multicenter randomized 
trials in patients with coronary and no coronary heart dis-
eases. Benefits accrue mainly in patients with depressed 
left ventricular ejection fractions of 35% or less.66 Indi-
cations for ICD implantation as listed in the 2008 ACC, 
AHA, and the Heart Rhythm Society (HRS) guidelines 
have clearly been shown to prolong life and decrease 
the risk for sudden cardiac death for both primary and 
secondary ventricular tachycardia and ventricular fibril-
lation.67 With the advent of smaller biphasic, transve-
nous ICDs and the experience gained over the years, it 
is now feasible for electrophysiologists to implant ICDs 
safely in the pectoral position in the electrophysiology 
laboratory. Local anesthesia combined with conscious 
sedation is used. The role of anesthesiologist is crucial if 
defibrillation threshold testing is done. This is especially 
true in patients who generally have significant comorbid-
ities. Defibrillation threshold testing is commonly omit-
ted because of the potential life-threatening risks of the 
procedure in unstable patients or patients with untreated 
coronary artery disease.

A new subcutaneous ICD (S-ICD), which eliminates the 
need for transvenous leads, is now available. Although 
the device detects and treats malignant VT and VF, it is 
incapable of providing antitachycardia pacing, advanced 
diagnostics, or radiofrequency interrogation with remote 
monitoring, and therefore is not appropriate for all 
patients. Implantation of these devices requires tunnel-
ing of the relatively large lead, and this can be painful 
enough to require deep sedation or general anesthesia.67a

Biventricular Pacing and Defibrillation  
Lead Placement
Cardiac resynchronization therapy with and without 
defibrillation systems are prescribed for both primary 
and secondary prevention of sudden cardiac death in 
patients with heart failure associated with both an isch-
emic and nonischemic etiology. The ACC/AHA/HRS 
guidelines gave cardiac resynchronization therapy with 
or without an ICD a class I indication for those with a 
left ventricular ejection fraction 35% or less with a QRS 
duration 120 msec or greater and drug-refractory New 
York Heart Association functional class III or ambulatory 
class IV heart failure who are receiving optimal medical 
therapy.67

Implantation of biventricular ICDs may be complex 
and lengthy because of difficulty positioning the left 
ventricular lead into the coronary sinus and great car-
diac vein in the setting of distorted ventricular anatomy 
resulting from cardiac dilatation and advanced heart fail-
ure. In addition, valvular regurgitation can complicate 
lead positioning. Finally, lead dislodgement may occur 
immediately after lead placement, especially in patients 
with a large coronary sinus, further prolonging these 
procedures.
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During any device placement, pneumothorax or coro-
nary sinus perforation related to lead placement is pos-
sible. Coronary sinus perforation can immediately be 
recognized by contrast extravasation. Perforation of the 
coronary sinus or cardiac perforation related to ventricu-
lar or atrial lead placement may lead to the development 
of cardiac tamponade, which necessitates immediate 
pericardiocentesis. Paralytics should be avoided here, as 
well, so that lead placement, which results in diaphrag-
matic pacing, can be identified and avoided.

Many patients who qualify for these devices have mul-
tiple comorbidities, including a history of ventricular 
tachycardia or fibrillation, ejection fraction less than 30%, 
and coronary artery disease (these are indications for ICD 
placement). However, most of these devices are placed 
with mild to moderate sedation and standard monitors. 
Testing the device requires deep sedation or general anes-
thesia. ICD placement and testing can be accomplished 
without an arterial line. External cardioverter-defibrillator  
pads are placed on the patient at the beginning of the 
procedure. When testing ICDs, they serve as backup if the 
implanted device fails.

Some patients needing ICDs may benefit from place-
ment of biventricular pacemakers used for cardiac 
resynchronization therapy. Patients scheduled for a biven-
tricular pacemaker have extensive cardiac morbidity, 
including low ejection fractions, valvular heart disease, 
pulmonary hypertension, and right ventricular dysfunc-
tion. Patients may not be able to lie flat comfortably and 
can easily become hemodynamically unstable with seda-
tion. Oversedation can lead to hypercapnia, which is 
problematic in patients with pulmonary hypertension or 
right ventricular dysfunction. The anesthesiologist should 
be available if needed to assist during the case.

ANESTHESIOLOGISTS IN THE 
CATHERIZATION LABORATORY

Anesthesiology in the catheterization laboratory reflects 
the evolving broad range of therapies performed in this 
venue (see also Chapter 68). Catheterization laborato-
ries—originally the workplace of interventional radiolo-
gists (who were the “original” angiographers)—are home 
to interventional cardiologists, vascular surgeons, and 
others who practice a broad range of therapies, all of 
which use fluoroscopy and a host of ever more sophis-
ticated interventional technologies. Procedures can be 
peripheral or cardiac and range from the stenting of nar-
rowed or occluded vessels to the implantation of pros-
thetic heart valves. Anesthesiology involvement ranges 
from giving intravenous propofol to providing a full car-
diac anesthetic and performing transesophageal echocar-
diography (TEE) during the case.

PERCUTANEOUS CORONARY 
INTERVENTIONS

Percutaneous coronary interventional procedures for 
patients with both stable coronary artery disease and 
acute coronary syndromes have grown in the past 
10 years. Percutaneous coronary interventions (PCIs) 
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include coronary angioplasty (mostly performed imme-
diately before coronary stenting) with both bare metal 
stents and drug-eluting stents, atherectomy procedures, 
and intracoronary thrombectomy procedures. PCI proce-
dures are commonly performed in patients with 70% or 
greater intracoronary luminal atherosclerotic obstruction 
and demonstrated myocardial ischemia in the context 
of stable coronary disease. The major benefit of PCI is to 
reduce or relieve symptoms of ischemic heart disease and 
increase aerobic capacity.68 No significant difference in 
total mortality, nonfatal myocardial infarction, or other 
major cardiovascular events were demonstrated between 
randomized patients treated with aggressive medical 
therapy or aggressive medical therapy plus PCI angio-
plasty with bare metal stenting.69 But for patients who 
presented with acute coronary syndromes, PCI decreased 
mortality and recurrent myocardial infarction in contrast 
to medical treatment alone.70

PCIs can be performed with mild to moderate nurse-
administered sedation under the direction of the car-
diologist. Anesthesiologists are usually involved only 
when patients present with respiratory or hemodynamic 
compromise.

If acute patient respiratory or hemodynamic decom-
pensation occurs, anesthesiologists are called emergently. 
In this circumstance, clear and direct communication 
with the cardiologist is required; management decisions 
usually need to be made expeditiously. Information 
such as medications given, intravenous access, and stage 
of the procedure must be made available. Access to the 
patient’s head can be difficult because of the x-ray equip-
ment, as mentioned previously. If an airway needs to be 
established, it may be necessary to temporarily move the 
table and fluoroscopy equipment and hold chest com-
pressions. Placement of an endotracheal tube is preferred 
to a laryngeal mask airway (LMA) even in an elective 
situation because the constant movement of the equip-
ment or cardiopulmonary resuscitation, or both, can dis-
lodge the LMA. Obviously for patients who are acutely 
unstable, having an endotracheal tube is preferred, but 
if placement is difficult, an LMA can serve as a tempo-
rizing measure. During PCI, patients can be in a highly 
anticoagulated state, and a bleeding difficult airway is a 
nightmare in this context.

INTRAAORTIC BALLOON PUMPS  
AND PERCUTANEOUS VENTRICULAR 
ASSIST DEVICES

The intraaortic balloon pump (IABP) is a mechani-
cal device inserted percutaneously into the aorta that 
increases myocardial oxygen perfusion and cardiac out-
put (see also Chapter 68). The balloon, sitting approxi-
mately an inch distal to the subclavian artery, inflates 
and deflates in diastole and systole, respectively thereby 
delivering counterpulsation. This increases coronary blood 
flow and myocardial oxygen delivery, and cardiac output 
rises. The balloon pump is controlled by a programmed 
console, which inflates the balloon at varying time inter-
vals chosen by the operator, linked to either an electro-
cardiogram trace or a pressure transducer at the distal tip 
of the catheter. Placement of IABPs is usually successful 
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der conscious sedation unless the patient is compro-
ised from a hemodynamic or respiratory standpoint, 
 which case the team would seek assistance from an 
esthesiologist.
Percutaneous ventricular assist devices (PVADs) pro-

de inotropic support during high-risk PCI, cardiogenic 
ock associated with myocardial infarction, or other left 
ntricular dysfunction. Several types of PVADs are avail-
le. The TandemHeart device (CardiacAssist, Philadel-
ia, Pa) is a percutaneous left-atrial to femoral bypass 

stem consisting of a transseptal cannula, an arterial can-
la, and an externally located centrifugal blood pump, 

hich can deliver flow rates of up to 4 L/min.71 An alter-
tive percutaneous-based left ventricular assist device 
the Impella Recover (Impella Cardiosystems, Aachen, 

ermany). This device comes in two sizes—a 2.5- and 
0-L system—and uses a cannula inserted retrograde via 
e femoral artery into the left ventricle across the aor-
 valve. These pumps do not require transseptal punc-
re, are smaller and easier to implant, and incorporate a 
icroaxial pump into the catheter system, thereby elimi-
ting the need for extracorporeal blood. Cardiac output 
 either 2.5 L/min or 5.0 L/min can be achieved with  
e Impella devices.72 Anesthesiologists are consulted for 
ese procedures because the patients are unstable and/or 
esent with a high likelihood of airway or hemodynamic 
mpromise. Depending on the procedure and state of 
e patient, either sedation or general anesthesia can 
 used. These devices achieve cardiac outputs that can 
mpletely replace left ventricular function; blood flow 
ay not be pulsatile, so pulse oximetry and noninvasive 
ood pressure cuffs may not work properly. However, 
vasive monitoring is available via the arterial cannula-
n used during the procedure. The choice of anesthetic, 
ely postprocedural care, and prognosis should be dis-
ssed with the cardiologist before the start of the case, 
possible.

RCUTANEOUS CLOSURE OF SEPTAL 
EFECTS

e placement of intracardiac septal occluder devices 
quires general anesthesia if TEE is used to guide place-
ent of the closure device (see also Chapters 46 and 47). 
the cardiologist uses intracardiac or intravascular echo-
rdiography, general anesthesia may not be needed. Sev-
al U.S. Food and Drug Administration (FDA)-approved 
vices are available for closure of atrial septal defects 
SDs). To date, however, no prospective randomized 
ntrolled trial has been done of percutaneous closure 
 patent foramen ovales (PFOs) in patients who have 
ffered from a cryptogenic stroke. The FDA has not 
proved the use of percutaneous occluder devices for 
e prevention of recurrent cryptogenic stroke in patients 
ith PFO.73 Insurance companies are increasingly unwill-
g to pay for these procedures.
The Amplatzer (AGA Medical, Golden Valley, MN) and 
e CardioSEAL (NMT Medical, Boston, MA) devices are 
utinely used in clinical practice. The Amplatzer Septal 
ccluder is a two-sided “clam shell” made up of two flat 
scs with a middle or “waist.” The discs are made of niti-
l (nickel and titanium) wire mesh and polyester fabric 



inserts. The fabric inserts create a nidus for tissue growth 
after placement.74 The CardioSEAL STARflex device con-
sists of two self-expanding Dacron patch–covered umbrel-
las that attach to either side of the intraatrial septum. The 
umbrellas are composed of four central radiating metal 
arms attached to each other in the center. The device 
contains a self-centering mechanism comprising nitinol 
springs that connect the two umbrellas.75 Closure of PFOs 
tends to be simpler than closure of ASDs. In patients with 
ASDs, it is important to clarify right ventricular function, 
pulmonary arterial pressures, and shunt to formulate an 
optimal anesthetic plan. Success rates for PFO and ASD 
closure range from 79% to 100%.76

These devices can also be used to close other types of 
defects, such as paravalvular leaks and muscular or peri-
membranous ventricular septal defects (VSDs) (either 
congenital or acquired). Reportedly, VSDs can be closed 
96% of the time, with a 2% major complication rate with 
these devices.77 Left to right flow is seen on TEE with 
these lesions. In patients with traumatic (post–myocardial  
infarction) VSDs, hemodynamic instability is not unusual 
and complications are common during closure attempts. 
Tissue integrity is frequently compromised, and placement 
of closure devices is difficult. Visualization of the defect 
and guidance of device placement can be challenging. 
Patients with post–myocardial infarction VSDs are more 
likely to have complications during closure of the defect.78

Complications of any device placement in the cardiac 
catheterization laboratory include air embolism, device 
embolization, malposition, thrombosis, embolization, 
arrhythmias, hypotension, valve dysfunction, cardiac 
perforation, and injury to nontarget cardiac structures. 
It is critical that these complications be recognized and 
dealt with expeditiously. Rapid and effective communica-
tion is critical. Untoward events may be evident initially 
to anesthesiologists if they are guiding the procedure 
with TEE.

Echocardiography is often used during the procedure to 
help guide placement and confirm a successful result. TEE 
can be performed by cardiologists, anesthesiologists, or 
ultrasound technicians, depending on institutional prefer-
ence and availability of personnel. If TEE is used, general 
anesthesia will be necessary for the procedure. If a cardiac 
anesthesiologist administers the anesthetic, he or she can 
guide the procedure in a step-by-step fashion, integrat-
ing the guidance with anesthetic parameters. Although 
two-dimensional echocardiography is the most widely 
used imaging technique for preprocedural patient evalu-
ation, three-dimensional imaging via echocardiography, 
multidetector row CT, and cardiac MRI can also help to 
delineate structural intracardiac details. Intraprocedural 
three-dimensional TEE is also available.79 Intracardiac 
echocardiography (ICE) can be used to guide the procedure, 
but this must be performed by the cardiologist because the 
controls are at the groin and in the field. In cases in which 
TEE is not available or cannot be performed because of 
patient comorbidities, ICE is a reasonable alternative.

If arterial monitoring is needed and the cardiologist 
is not planning femoral arterial access, a radial arterial 
line should be placed by the anesthesiologist. Two intra-
venous lines (and/or a central line) should be available at 
induction if the patient is potentially unstable.
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PERIPHERAL ARTERIAL DISEASE

Peripheral arterial disease affects approximately 8 million 
Americans (see also Chapter 69). The prevalence of this 
disease increases with age and occurs more commonly 
in African Americans. Intermittent claudication and rest 
pain are the principal symptoms. Claudication symptoms 
are due to insufficient arterial blood flow and leg ischemia. 
Symptoms include pain, aching, and a sense of fatigue or 
other discomfort that is relieved at rest. Symptoms are 
most often experienced in the muscle bed supplied by the 
most proximal stenosis. Buttock, hip, or thigh claudica-
tion is related to obstruction of the aorta or iliac flow. 
Calf claudication commonly is a result of either femoral 
or popliteal arterial stenosis, and either tibial or peroneal 
disease causes ankle or pedal claudication.80

According to ACC and AHA guidelines, percutaneous 
revascularization in patients with intermittent claudica-
tion should be considered when any one of the following 
circumstances is encountered:

 1.  Claudication symptoms significantly disable the 
patient.

 2.  The patient is able to benefit from an improvement in 
exercise.

 3.  Rehabilitation and pharmacologic therapy have not 
provided adequate response.

 4.  A favorable risk-to-benefit ratio to performing the pro-
cedure exists.

 5.  The characteristics of the lesion permit appropri-
ate intervention at low risk with a high likelihood of 
initial and long-term success; and/or the patient has 
limb-threatening ischemia, as manifested by rest pain, 
ischemic ulcers, or gangrene.81

The anesthesiologist may be critical to the interven-
tional cardiologist during a peripheral vascular interven-
tion because many of these patients are unable to lie still 
during the procedure because of rest pain symptoms and 
other related comorbidities. In addition, the procedure 
itself may create painful transient ischemia and patient 
movement may reduce the likelihood of success.

PERCUTANEOUS VALVE REPAIR  
AND REPLACEMENT

Percutaneous technologies for the treatment of mitral 
regurgitation and aortic valve disease are presently avail-
able; development of devices and approaches is ongoing 
(see also Chapter 67). These procedures are a major addi-
tion to the repertoire of interventional cardiologists and 
represent exciting new overlap of surgical and medical 
therapies for structural heart disease.

Percutaneous Mitral Valve Repair
Currently, surgical repair is the most common proce-
dure performed for the treatment of symptomatic mitral 
regurgitation or mitral regurgitation with impaired left 
ventricular ejection fraction (<60%). However, current 
techniques under investigation for percutaneous mitral 
valve repair include coronary sinus annuloplasty, direct 
annuloplasty, leaflet repair, and others.82



PART V: Adult Subspecialty Management2668
Devices that use the coronary sinus as a method of 
cinching the mitral annulus are investigational, and the 
safety and efficacy of this approach remains undetermined. 
Another approach involves percutaneous placement of a 
cliplike device (MitraClip, Abbott Vascular, Abbott Park, 
IL) that creates an Alfieri edge-to-edge repair (Evalve, San 
Francisco, CA). After a transatrial septal puncture, the clip 
is positioned in the center of the mitral valve orifice. The 
clip is opened, passed into the left ventricular cavity, pulled 
back to contact the mitral valve leaflets, and then closed 
to create a double-orifice mitral valve.82 General anesthe-
sia, fluoroscopy, and TEE to help guide placement of the 
device are part of the Evalve procedure.76

Percutaneous Aortic Valve Replacement 
(Transcatheter Aortic Valve Replacement)
Percutaneous aortic valve replacement or transcatheter 
aortic valve replacement (TAVR) is a relatively new treat-
ment in the US for aortic stenosis. During the procedure, 
a replacement valve is crimped into a catheter and passed 
through the femoral artery to the aortic annulus. Rapid 
ventricular pacing is employed to minimize cardiac out-
put while the prosthesis is deployed into the appropriate 
position after a balloon valvuloplasty. Transaortic and 
transapical insertions of transcatheter valves can also be 
performed by a multidisciplinary team in a hybrid OR set-
ting. In the future, other variants of this procedure will 
likely evolve for placement of valves in other positions.

The concept of a transcatheter valve for percutane-
ous placement was initially presented in the early 1990s, 
and the first percutaneous heart valve for human use 
was developed by Cribrier and implanted in Europe 
in 2002.83,84 In the United States, the Edwards SAPIEN 
valve received FDA approval in November 2011.85 Two 
devices currently exist for percutaneous implantation; 
the Medtronic Core Valve (Medtronic, Minneapolis, MN) 
and the Edwards Lifesciences SAPIEN (Edwards Life-
sciences, Irvine, CA). The CoreValve is a porcine pericar-
dial self-expanding valve prosthesis sutured into a nitinol 
stent. The SAPIEN valve is a bovine pericardial prosthesis 
sutured into a balloon-expandable tubular metal stent.

In high-risk patients with severe aortic stenosis, trans-
catheter valve replacement was found to be “noninferior” 
to surgical aortic valve replacement at 1 year in terms 
of survival. However, the transcatheter procedure was 
associated with a higher risk for stroke than the surgical 
replacement at 1 year and a higher risk for major vascu-
lar complications at 30 days. More patients undergoing 
transcatheter replacement demonstrated improved symp-
toms at 30 days, but no significant between-group differ-
ence was seen at 1 year.86,87

Ongoing clinical trials are under way comparing surgi-
cal aortic valve replacement to percutaneous aortic valve 
replacement in patients who are candidates for cardiac 
surgery using newer generation percutaneous aortic pros-
thetic valves. As study results become available, percutane-
ous valve replacement may constitute a viable alternative 
to surgery for a patients who need valve replacement in 
whom the risk for cardiac surgery is unacceptable.

These procedures present a changing paradigm with 
respect to treatment of structural heart disease and the 
scope of interventional cardiology procedures. Procedures 
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nd patients are more complex. Medical and surgical 
pproaches to cardiac care are beginning to overlap. 
nesthesiologists must be prepared to treat this challeng-

ng patient population in new venues.
At our institution, all percutaneous valve repairs are 

erformed under general anesthesia with fluoroscopic 
nd TEE guidance. CTs are obtained before the procedure 
o define valve size and anatomy, and 3D TEE may be used 
uring the procedure to affirm valvular anatomy before 
nd after the prosthesis is placed. Patients are elderly, 
ith severe valvular disease and attendant comorbidi-

ies. Communication and coordination of activities are 
ritical.

During percutaneous valve replacements and repairs, 
he procedure room is crowded with staff and equip-

ent. Planning for expected difficulties related to patient 
omorbidities and technical challenges is well worth the 
xtra time. A team meeting before the procedure is worth-
hile because elements of the patient’s history often 
arrant interdisciplinary scrutiny and discussion. Two 
eripheral intravenous lines should be placed for infu-
ions, and a Swan-Ganz catheter is recommended in com-
romised patients. Endotracheal intubation is required if 
EE is used, and arterial monitoring is important because 
oninvasive blood pressure cuffs may not work when the 
atient is rapidly paced. Communication and visual acces-
ibility to all imaging during the procedure is vital to suc-
essful placement of the device. Multiple attempts may be 
eeded to ensure proper catheter and device placement 
ith an acceptable result. Patients may develop hemo-
ynamic instability, myocardial ischemia, or significant 
rrhythmias during the case. Constant communication 
etween anesthesiologist and cardiologist is critical.

Transfemoral TAVR can be performed in a cardiac 
atheterization laboratory or hybrid OR. Enough space 
s required for general anesthesia, TEE, and cardiopul-

onary circulatory support, in addition to the space 
equired by the proceduralists. The percutaneous femoral 
pproach requires adequate endolumenal diameters, but 
s technology develops, smaller sheaths and more flexible 
alves will become available. In the future, tortuous iliac 
essels or high athermanous burden may not preclude a 
emoral approach.

For transfemoral cases, general endotracheal anesthe-
ia is preferred, although institutions in the United States 
nd Europe report successful outcomes with conscious 
edation. Invasive arterial pressure monitoring and cen-
ral access are needed. Planned extubation is reasonable 
ssuming the patient’s comorbidities and the course of 
he procedure warrant it.

Although institutions in Europe report successful 
AVR outcomes using ICE and/or fluoroscopy alone, in 
ur experience TEE plays a critical role (also see Chap-
er 46). Before any intervention, aortic stenosis with 
 trileaflet valve should be confirmed; TAVR cannot be 
erformed with bicuspid valves. The degree of aortic 

nsufficiency should be assessed before valvuloplasty; the 
resence of mild to moderate aortic insufficiency may be 
rotective in severe new-onset cases after balloon aortic 
alvuloplasty. Ejection fraction, degree of mitral and tri-
uspid regurgitation, presence of mitral annular calcifi-
ation and mitral stenosis, estimated pulmonary artery 



pressures, and coronary artery takeoff location are also 
useful measurements. Accurate measurement of aortic 
annulus aids in choice of prosthetic valve size. During the 
placement of the valve, real-time echocardiographic guid-
ance can assess positioning of the prosthesis. Following 
valve deployment, rapid assessment of valvular function, 
presence of leaks, and ventricular wall motion abnormali-
ties are critical.

As technology improves, the flow of cases will change. 
Presently, however, at our institution, the following list 
constitutes the framework for transfemoral cases:

Critical Procedural Steps During Transfemoral 
Transcatheter Valve Replacement

 1.  Place intravenous line and A-line, induction.
 2.  Place PA line, larger access, cerebral Svo2.
 3.  Conduct TEE discussion and expected and 

 unexpected findings with entire team.
 4.  Access femoral vasculature: arterial sheath, contra-

lateral transfemoral aortic occlusion balloon, and 
place transvenous pacer

 5.  Perform standard balloon aortic valvuloplasty: 
 refine sizing and enlarge orifice.

 6.  Assess adequacy of rapid ventricular pacing.
 7.  Upsize sheath to (27 French) or appropriate 

introducer.
 8.  Advance transcatheter valve; assess position by 

 fluoroscopy and echocardiography.
 9.  Deploy valve during rapid ventricular pacing.
 10.  Assess valve position and function.
 11.  Remove sheath and complete vascular closure.

Common Complications and Remedies
Vascular Disaster. Femoral vascular avulsion is pos-
sible on removal of the introducer sheath. Temporiza-
tion of hemorrhage can be achieved with the distal aorta 
occlusion balloon residing in the contralateral femoral 
artery. This can prevent fatal hemorrhage in the event of 
a vascular catastrophe. If percutaneous access cannot be 
obtained, cut-downs or surgical access to the aortic bifur-
cation is possible. Vascular surgical repair is necessary in 
this situation. All of these potential eventualities demand 
the ongoing vigilance of the anesthesiologist.

Pacing Malfunction. Transvenous pacing is used to 
establish rapid ventricular pacing and a near-zero cardiac 
output state during ballooning of the aortic valve. If atrio-
ventricular node dysfunction occurs after valvuloplasty 
or valve deployment, postdeployment pacing may be 
necessary. Poor communication during rapid ventricular 
pacing may be catastrophic. Loss of pacer capture during 
balloon valvuloplasty can place excessive traction on the 
native valve during balloon inflation; unexpected ven-
tricular ejection can embolize the valve from the annulus 
during deployment.

abnorMal ValVe DePloyMent. Valves left prepared on 
the balloon but not deployed for significant amounts 
of time may open improperly, causing significant aortic 
insufficiency. Deployment of an additional device (valve-
in-valve) may be necessary in this case.

Hemodynamic changes may occur at a variety of points 
during the procedure. Communication among providers of 
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ifferent disciplines is essential. Patients respond idiosyn-
ratically to balloon valvuloplasty; new-onset aortic insuf-
ciency may require significant support and necessitate 
apid valve introduction and deployment. Inotropic sup-
ort may be necessary to maintain systemic blood pressure 
s balloons and crimped valves traverse the valve orifice. 
nvasive monitors typically reflect low cardiac output, fall-
ng Svo2 and high pulmonary artery pressures. The authors 
outinely have boluses of epinephrine, norepinephrine, 
nd vasopressin available in a variety of concentrations.

eVice eMbolization. Embolization into the aorta can 
ccur as a result of ejection because of inadequate pacer 
apture or inappropriately high deployment. Once a 
alve is in the aorta, it is irretrievable endovascularly. 
alves lodged in the descending aorta have been reported 
nd are tolerated; however, a second valve must still be 
eployed in the aortic position. Valve loss into the ven-
ricle may occur if deployment is too low. This result 
equires surgery for retrieval and may be fatal if comor-
idities are significant.

oronary occlusion. Coronary occlusion is a potential 
roblem if calcium or native aortic valve tissue occludes 
 coronary ostium. Prior coronary artery bypass graft with 
atent grafts is partially protective. Coronary guidewires 
ay be placed in patients who are at higher risk. Skilled 

ntervention is required to reopen occluded coronary arter-
es. Clear interdisciplinary communication is essential in 
he management of regional wall motion abnormalities, 
T-segment changes, or hemodynamic compromise.

eeD for carDioPulMonary byPass. Cardiovascular col-
apse during transfemoral procedures may require car-
iopulmonary support. Institutional variability exists 
egarding the type of support planned; some institutions 
ave a primed cardiopulmonary bypass pump in the 
oom, even if the case is in a catheterization laboratory 
utside of the OR; others have percutaneous VAD support 
n standby.

eurologic eVents. Acute stroke is potentially detectable 
ith unilateral changes in cerebral oximetry readings. 
he higher stroke rate of cohort A patients in the PART-
ER trial was felt to be a result of both ballooning of the 

alcified native valve and the introduction of a large bal-
oon and valve apparatus across the aortic arch. Anesthet-
cs allowing for early neurologic assessment are preferred.

As patient acuity increases, safe and efficient care for the 
arget population in the cardiac catheterization and elec-
rophysiology laboratories is a concern for all anesthesi-
logists and cardiologists. Anesthesiologists are uniquely 
rained to care for this complicated patient population 
hile permitting cardiologists to focus on the interven-

ional procedure. Anesthesiologists, in collaboration with 
ardiologists, must establish guidelines for the interdis-
iplinary care of patients with complex issues in the car-
iac catheterization and electrophysiology laboratories. 
rowing numbers of patients with more complicated 
ealth issues and an expanding arsenal of sophisticated 

echnologies make it likely demand for these laboratory 
ervices will continue to grow. Collaboration between 
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cardiologists and anesthesiologists is increasingly neces-
sary. Reframing the boundaries of medical specialties is 
the likely key to success. The goal is to enhance patient 
safety and improve procedural efficiency and outcomes 
while advancing the frontiers of medical care in expand-
ing and exciting venues outside of the OR.

INTERVENTIONAL ECHOCARDIOGRAPHY 
ANESTHESIOLOGISTS AS 
CO-PROCEDURALISTS—THE ROAD AHEAD

As percutaneous interventions for structural heart disease 
increase in number and broaden in scope, the need for 
multidisciplinary input grows. Cardiac anesthesiologists 
traditionally perform TEE in the OR before and after car-
diopulmonary bypass to diagnose structural problems and 
assess surgical repair. In the catheterization laboratory, 
growing usage of general anesthesia to support patients 
during complex procedures ideally positions cardiac anes-
thesiologists to perform this service in a new context.

Diagnostic echocardiography is important in the 
catheterization laboratory, as it is in the OR. However, 
the novel feature of TEE performed here (interventional 
TEE) is the need for step-by-step guidance of intricate 
and highly technical intracardiac manipulations88 (see 
also Chapter 46). Fluoroscopy—the traditional imag-
ing modality for interventional cardiology procedures—
entails significant radiation exposure, requires the use of 
intravenous contrast, and can be temporally and spatially 
imprecise. Interventional TEE provides precise adjunc-
tive imaging for placement or removal of intracardiac 
devices, placement of transcatheter valves, and repairs 
of paravalvular leaks or other structural defects. In addi-
tion, cardiac anesthesiologists understand imaging in the 
context of anesthetic care and are capable of manipulat-
ing hemodynamics as observation of cardiac function 
requires. Functional interpretation of structural defects 
can be critical as repairs are made. In the catheterization 
laboratory or hybrid OR setting, cardiac anesthesiologists 
become co-proceduralists, providing imaging, hemody-
namic control, interpretation, and step-by-step guidance 
for interventionalists in the context of fixing abnormal 
cardiac anatomy. Real-time three-dimensional guidance 
during catheter placement, ballooning, or device implan-
tation is an important and new component of interven-
tional cardiology. This is a time-sensitive, high-acuity 
undertaking. It is relatively new in intracardiac imaging 
and for cardiac anesthesiologists; it defines an exciting 
and important role that goes a step beyond the job of 
maintaining homeostasis during the stress of surgery.

Interventional TEE is performed during septal occlu-
sion, paravalvular leak repair, and transcatheter valve 
replacement. As in the OR, comprehensive interven-
tional TEE examination begins with assessment of 
cardiac structure and function in the context of the pro-
posed procedure, including the primary defect and any 
associated pathology. Effective communication among 
team members is critical because the value of inter-
ventional two-dimensional and three-dimensional TEE 
is lost if mutual understanding is absent. To this end, 
information from fluoroscopic and echocardiographic 
images can augment each other when unusual anatomy 
or clinical circumstances are observed. Data from each 
imaging modality should be discussed if contradictory 
interpretations arise.

Interventional TEE includes both two-dimensional and 
Doppler imaging complemented by three-dimensional  
and real-time three-dimensional datasets. It may be 
important to alternate between two-dimensional and 
three-dimensional imaging to clarify temporal and spatial 
details,89,90 so that accurate placement of wires and cathe-
ters can occur. Closure of paravalvular leaks or stenting of 
stenotic pulmonary veins, for example, may require both 
types of imaging. Real-time three-dimensional imaging 
can clearly depict the proximity of equipment and devices 
to targeted defects by permitting rotation of acquisitions 
in all directions, thereby delineating structures in their 
native orientation. Although in the OR it is possible to 
correlate actual anatomy with TEE images while the chest 
is open and the patient is on bypass, this is not the case 
during percutaneous procedures. The accuracy of imag-
ing and interpretation is therefore critical.

During TAVR, interventional echocardiography is 
important for optimization of valve placement and diag-
nosis of problems when they occur. After TAVR deploy-
ment, a comprehensive TEE is performed. Valve position 
is assessed, absence of coronary ostial occlusion is con-
firmed, valve gradient is measured, perivalvular and cen-
tral leaks are assessed, and the need for any remedial 
activity is discussed. This requires the input of procedur-
alists and cardiologists alike.

As technology evolves, percutaneous procedures for 
structural heart disease will become more sophisticated. 
As devices improve, the target populations will grow. 
Patients with congenital, acquired, and surgically cre-
ated defects will become eligible for treatment by inter-
ventional cardiology procedures. Interventional TEE has 
emerged as the newest evolutionary phase of cardiac anes-
thesiology.91 The development of optimal, collaborative 
relationships between interventional cardiologists and 
anesthesiologists provides the foundation for a robust, 
multidisciplinary interface, thus establishing a basis for 
advancement of clinical practice and a place for anesthe-
siologists at the forefront of medicine.

THE ROAD AHEAD: TOWARD A 
COMPREHENSIVE STRATEGY

As technology evolves, medical procedures tend to become 
more complex. As the population ages and medical thera-
pies achieve increased effectiveness, acute illnesses can 
become chronic. The current expansion of minimally 
invasive, nonsurgical approaches to disease will continue. 
Demand for anesthesiology services continues to escalate, 
but because procedural operators are largely medical and 
not surgical providers, requests for services do not neces-
sarily parallel need. Thus, anesthesiologists are sometimes 
asked to attend patients who do not need their support, 
and conversely, are not asked to participate where pres-
ence is required until a crisis develops. Solutions to staff-
ing problems become more complicated; efficiency and 
medical optimization become secondary to the goal of 



getting through the day and the procedures to be done. 
When politics and finances increasingly dictate what they 
do and whom they treat, anesthesiologists must empha-
size even further their mission of enhancing patient 
safety and comfort. Resetting the boundaries of practice 
to include medical specialties is critical to success.

It is clear that we must extend the recognized realm 
of our specialty beyond the limits of the OR. Inclusion of 
procedural areas within our practice requires a new model 
of service delivery. Not only are new markets emerging, 
but the financial rules are changing. We ought not allow 
our expertise to become discontinuous with current 
opportunities arising as a result of medical progress or 
risk allowing anesthesia services to become anachronis-
tic. New, noninvasive approaches to surgical problems 
threaten to change the standards of where, how, who, 
and under what circumstances, surgical or percutaneous 
interventions may be performed.

Over the past 30 years, anesthesiologists revolution-
ized safety, reliability, and the scope of practice within 
the OR. The time has come for us to do likewise in 
non-OR locations. Seeing beyond the traditional role 
of anesthesiologists in the OR, we can create a niche 
broadened by services as critical care providers inside 
and outside the ICU, as surgical hospitalists and care 
integrators, and as innovators outside of the operating 
room. If these possibilities are ignored in the emerging 
market structure, we risk abdicating our real responsi-
bilities to patients and to medicine. We must examine 
the productivity and sustainability of anesthesiology as 
a medical subspecialty. What, then, are the elements of 
an effective strategy?

Operational Effectiveness
Operational effectiveness is a crucial component of suc-
cessful competitive strategy and financial sustainability. 
It implies innovation and the ability to manage a more 
successful, wider spectrum of activities than the competi-
tion. We must provide better, more flexible services that 
yield measurably better outcomes than the competition. 
For us, that competition includes (1) medical procedur-
alists who do not see the need for anesthesiologists, (2) 
other nonanesthesia providers, and (3) companies that 
design and produce machinery capable of administering 
drugs and interpreting monitoring equipment. “Better 
outcomes” are defined by evidence—that is, volume and 
quality data. Therefore, record keeping and data analy-
sis must become an essential element of operations. In 
addition, operational effectiveness requires optimized 
resource management: planning is critical and ad-hoc 
management is unacceptable.

Costs, Uniqueness, and Value-Added
Anesthesiologists have the training and experience to 
deliver superior, integrated, cost-effective services outside 
the OR. In an era of increasing medical specialization and 
fragmentation of care delivery, particularly in the context 
of accountable care organizations and bundled payments, 
these are the critical indices of success.

Proper variable cost accounting demonstrates that 
the cost of patient care involving an efficiently deployed 
anesthesiologist is less than the cost imposed on the 
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whole system by those (all too common) procedures 
that start without anesthesia personnel and end with an 
urgent, unanticipated call. The expense of (1) delaying 
a procedure, (2) stopping a procedure for inadequate or 
oversedation, (3) hospitalizing a patient, and (4) resched-
uling and redoing the procedure is forbidding. But the 
costs are not always obvious because they are spread over 
multiple cost centers.

Institutions in which anesthesiologists practice and 
the medical and surgical departments they serve benefit 
from anesthesiology services. However, reimbursement 
to anesthesiologists may not parallel or indeed justify the 
investment. Little overlap exists in available time and pro-
ductive time, and there are no rules. The non-OR would 
run as erratically as the OR would, were surgeons allowed 
to show up whenever they wanted, to book procedures 5 
minutes before they started, and to change procedures or 
patients at the last minute.

Strategic Positioning
For anesthesiologists, strategic positioning occurs when 
the needs of customers and potential customers are satis-
fied with minimal cost to the anesthesiologist. Environ-
mental scanning, context analysis, and other standard 
tools of market assessment serve to reconcile the mis-
sion of anesthesiology and revision of core competencies 
(product line) with the demand for them. The customers 
are not just patients; they are also medical proceduralists 
and third-party payers. If we can provide a safer, more 
comfortable, time-efficient, and cost-effective environ-
ment for proceduralists, the value of an anesthesiologist 
in attendance is clear. If we develop the bridge between 
medical and surgical treatment by facilitating hybrid 
procedures and interdisciplinary approaches, the overall 
value of our presence will be incontrovertible to proce-
duralists, patients, insurance companies, regulatory bod-
ies, and government agencies.

Financial Silos and Teamwork
The certainty of increased insistence by third-party pay-
ers on integrated care requires collaboration and inter-
disciplinary effort. As accountable care organizations 
become widespread, bundling will become standard 
and integration will be expected by all insurers. Anes-
thesiologists will be forced to depend on the strength of 
relationships they forge with medical specialists. These 
will grow and develop only if the medical specialists 
recognize the value of anesthesiologists in attendance 
during their cases. Teamwork depends on improved 
outcomes and financial success.

Team building requires communication based on com-
mon experience and vocabulary—hence, the argument 
for grouping medical specialists with anesthesiologists 
who specialize in a specific type of surgery. Often medical 
specialists perform interventions with the same end goals 
as open surgeries, yet they lack the surgical perspective 
that many anesthesiologists acquire in the OR. Integra-
tion of medical and surgical perspectives can be, and has 
been, exploited for innovative solutions to new problems 
and to avert mistakes outside of the OR. The contribu-
tion of cardiac anesthesiologists to percutaneous device 
placement and congenital heart disease treatment in the 
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catheterization laboratory is a case in point. Similar par-
ticipation in ultrasound-guided cases in the endoscopy 
laboratory and to interventional radiology cases is also 
possible. Teams bridge silos. Integration of reimburse-
ment is coming. Why not be ready for it and organize 
ourselves preemptively?

Sustainable Strategy: Key Points
Effective strategy is one that maintains a dynamic and 
profitable market presence. Anesthesiologists have two 
related parallel sets of priorities: creating and maintaining 
a stable but flexible customer base and achieving finan-
cial sustainability.

Operational effectiveness will ensure that appropri-
ate resource allocation permits innovation. Enhanced 
core competencies resulting from expanded medical 
training and presence outside of the operating room 
will provide a basis for the already needed enrichment 
of services. Team building will ensure that procedural-
ists understand the rationale for close cooperation and 
generate a foundation for better integrated finances. 
Reframing boundaries and elimination of silos will 
enhance integration, productivity, and the quality 
of care across the board. The overall strategy must 
be to make our specialty indispensable to customers 
and potential customers, while enhancing the lives 
of patients by improving outcomes and stimulating 
progress.

Our expertise will generate consistent reimburse-
ment if we have the data to demonstrate the benefit of 
that presence. Our participation in non-OR procedures 
can stimulate and advance medicine just as develop-
ment of the OR environment advanced the practice 
of surgery. As technology continues to proliferate and 
diversify, the distinction between medical and surgical 
approaches to treatment becomes blurred. The pursuit 
of innovation has always been characteristic of anes-
thesiologists. We must continue this work in new ven-
ues and work to build bridges if we hope to survive as 
a specialty.

The need is urgent for anesthesiology to adopt a 
broader, more business-like perspective as the practice 
continues to broaden medical know-how. If this oppor-
tunity and its associated intellectual challenges are 
ignored, the status of anesthesia, a key medical subspe-
cialty, may be threatened. If the challenge is accepted, 
the practice of anesthesiology will be on the front lines 
of changing and advancing medical science. As this 
chapter goes to print, an unprecedented crescendo of 
emerging technology and ongoing innovation contin-
ues to defy status quo approaches to NORA cases. Some 
information presented here may already be outdated; 
proceduralists, locations, and equipment will continue 
to evolve. Regardless of the venue or the technique, 
anesthesiologists remain a critical and constant guard-
ian of integrative medical perspective, patient safety and 
efficient procedural process. As we move beyond the OR, 
constant vigilance, dedicated teamwork, mutual respect 
and effective communication will continue to be the 
keys to success.
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Clinical Care in Extreme Environments: 
At High and Low Pressure and in Space
RICHARD E. MOON • ENRICO M. CAMPORESI

K e y  P o i n t s

 •  Hyperbaric oxygen exposure (breathing oxygen at increased ambient pressure, 
typically 2 to 3 ATA) causes an increase in arterial and tissue partial pressure of 
oxygen and no significant change in arterial pH or partial pressure of carbon dioxide.

 •  During hyperbaric oxygen therapy, cardiac output and pulmonary vascular 
resistance are decreased; systemic vascular resistance is increased.

 •  Acute illnesses for which hyperbaric oxygen is indicated include carbon monoxide 
(CO) poisoning (based on randomized controlled studies), gas bubble injury (gas 
embolism and decompression sickness), and soft tissue necrotizing infections.

 •  The decision to use hyperbaric oxygen to treat a patient with arterial gas embolism 
or decompression sickness should be based on clinical criteria, including the presence 
of symptoms, abnormal physical examination, or a history of arterial gas embolism 
within a few hours even in the absence of symptoms. Neither neurophysiologic 
testing nor radiographic imaging is useful except, rarely, to exclude other disorders.

 •  The decision to use hyperbaric oxygen to treat a patient with CO poisoning 
should be based on clinical criteria, including a history of impaired consciousness 
or other neurologic manifestation, pregnancy, or severe exposure (e.g., peak 
carboxyhemoglobin [HbCO] > 25%). The HbCO concentration correlates poorly 
with the severity of the illness and is generally useful only to make the diagnosis.

 •  Oxygen-induced seizures are rare and self-limited. Appropriate management includes 
discontinuation of inhaled oxygen. Chamber pressure should not be altered during 
the seizure because decompression while a seizure is occurring can result in pulmonary 
barotrauma (pneumothorax or pneumomediastinum) and arterial gas embolism.

 •  Pretreatment of patients with hyperbaric oxygen may ameliorate some of the adverse 
effects of cardiac surgery and invasive cardiac procedures (see also Chapter 67).

 •  The principles of treatment of acute altitude illness include descent and 
supplemental oxygen. If these options are not available, for acute mountain 
sickness or high-altitude cerebral edema, dexamethasone and acetazolamide are 
recommended. Recommended treatment of high-altitude pulmonary edema 
includes drugs that decrease pulmonary artery pressure, such as nifedipine, nitric 
oxide, or a phophodiesterase-5 inhibitor such as sildenafil.

 •  When providing anesthesia for otherwise healthy acclimatized patients at high 
altitude, the minimum amount of supplemental oxygen should be used to 
maintain arterial oxygen saturation close to baseline (not normal levels). Prolonged 
administration of oxygen in liberal doses may reverse acclimatization.

 •  As ambient pressure is altered, anesthetic vaporizers (except for desflurane) deliver 
a variable concentration but fixed partial pressure of vapor. Therefore, vaporizer 
settings do not need to be adjusted when delivering anesthesia in a hyperbaric 
chamber or at high altitude. Desflurane vaporizers deliver a fixed concentration 
and require upward adjustment at high altitude.

 •  Unexpected complications have occurred after anesthesia for minor procedures 
in primates following spaceflight. Physiologic and pharmacologic effects of 
neuraxial or general anesthesia during or after spaceflight are largely unknown, 
but they could include hypotension, resistance to nondepolarizing muscle 
relaxants and α-adrenergic agonists, and exaggerated hyperkalemia resulting from 
succinylcholine (see also Chapter 34).
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Figure 91-1. Mobile hyperbaric operating room described by Fontaine in 1879.1 Nitrous oxide storage tanks can be seen under the operating 
table. Compressed to 1.25 to 1.33 atmospheres absolute with air (ATA), a nitrous oxide–oxygen mixture was provided to the patient. Breathing 
air in this chamber would have provided an inspired partial pressure of oxygen (PO2) equivalent to 26% to 28% oxygen at 1 ATA.
Hyperbaric medicine began in the nineteenth century, 
when clinical improvement was observed after recom-
pression of divers and compressed air workers who had 
decompression sickness (DCS). Hyperbaric air treatment 
was subsequently used for a variety of diseases, includ-
ing tuberculosis, heart failure, emphysema, bronchi-
tis, asthma, croup, whooping cough, anemia, anorexia, 
dyspepsia, leukorrhea, menorrhagia, neuralgic pain, and 
depression, without any scientific basis. An exception 
was the use by Fontaine in 1879 of a mobile hyperbaric 
chamber for anesthesia and surgery.1 Compressed to 1.25 
to 1.33 atmospheres absolute (ATA), a nitrous oxide–oxy-
gen (O2) mixture was provided to the patient (Fig. 91-1). 
Breathing air in Fontaine’s chamber would have provided 
an inspired partial pressure of O2 (PO2) equivalent to 26% 
to 28% O2 at 1 ATA. This was probably the first use of 
an increased PO2 during anesthesia and certainly the first 
administration of hyperbaric nitrous oxide.

Use of O2 at high pressure for the treatment of DCS had 
been suggested.2 It was reported for the treatment of DCS,3 
but it remained an isolated medical curiosity until the early 
1960s. A few indications, such as support of oxygenation in 
hyaline membrane disease of the newborn4 and during open 
heart surgery,5,6 were not useful. For other indications, such 
as carbon monoxide (CO) poisoning, arterial gas embolism 
(AGE), and DCS, hyperbaric O2 treatment (HBOT) is effec-
tive, as evidenced by substantial clinical experience and 
randomized controlled studies. Indications are reviewed 
regularly by the Undersea and Hyperbaric Medical Society 
(headquarters in Durham, NC). This medical organization 
publishes an extensive bibliography with a list of indica-
tions for hyperbaric oxygenation that is updated every 2 
to 3 years.7 Laboratory and clinical data support the use of 
HBOT for a select number of acute and chronic illnesses 
(Box 91-1), and anesthesia providers are often called on to 
provide care of patients in this unusual environment.

Interest in the physiologic and medical aspects of alti-
tude originated because of mountaineering and high-
altitude balloon exploits in the nineteenth century.8 An 
understanding of the physiologic response to altitude 
hypoxia has had wide application because increasing 
Gas-bubble disease
*Air embolism7,83,85

*Decompression sickness83,85

Poisoning
*Carbon monoxide7,41,47-49,54,55

Cyanide41

Carbon tetrachloride323,324

Hydrogen sulfide41

Infections
*Clostridial myonecrosis7,100-103

*Other soft tissue necrotizing infections7,102,103,325,326

*Refractory chronic osteomyelitis7,93,327

*Intracranial abscess7,328

Mucormycosis329,330

Acute ischemia
*Crush injury7,331

*Compromised skin flaps7,332

*Central retinal artery occlusion, central retinal vein 
occlusion333,334

Chronic ischemia
*Radiation necrosis (soft tissue, radiation cystitis, and 

osteoradionecrosis)7,335-337

*Ischemic ulcers, including diabetic ulcers7,11,338-342

Acute hypoxia
*Exceptional blood loss anemia (when transfusion delayed or 

unavailable)7

Support of oxygenation during therapeutic lung lavage104,105

Thermal injury
*Burns7,343-346

Envenomation
Brown recluse spider bite347,348

Miscellaneous
*Idiopathic sudden sensorineural hearing loss349

BOX 91-1 Conditions for Which Hyperbaric 
Oxygen Is Effective

* Approved by the Undersea and Hyperbaric Medical Society as an 
 appropriate indication for hyperbaric oxygen treatment.7
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TABLE 91-1 RANGE OF TERRESTRIAL ALTITUDES

Altitude* Ambient Pressure

(ft) (m) (ATA) (mm Hg) Comments

0.32 235† Lowest pressure to which volunteers have been continuously exposed  
(hypobaric chamber study: Operation Everest)350,351

29,028 8,848 0.35 263† Mt. Everest, Nepal: highest point on earth
20,320 6,194 0.45 345 Mt. McKinley (Denali), Alaska, United States: highest point in North America
19,521 5,950 0.49 372† Aucanquilcha mine, Chile: highest altitude known to have been continuously  

inhabited by humans352; miners slept in a village at lower altitude  
(‘Quilcha, 5334 m)

17,716 5,400 0.51 384 Everest Base Camp
17,060 5,200 0.54 409 Chacaltaya ski resort, Bolivia (elevation at the top of the ski hill, 5,422 m)
16,733 5,100 0.55 414 La Rinconada, Peru: highest permanently inhabited town

5,050 Atacama Large Millimeter Array telescope, Chile; facility includes oxygen  
enrichment to 27%353

14,110 4,301 0.58 458 Pike’s Peak, Colorado, United States216

13,796 4,205 0.60 460† Mauna Kea, Hawaii, United States
(0.57-0.63) (433-479)† (Keck Observatory)354

11,910 3,630 0.65 497 La Paz, Bolivia
10,500 3,200 0.69 524 Alta Ski Resort, Utah
10,430 3,179 0.69 525 Leadville, Colorado, United States: highest altitude incorporated city in  

North America (population 3000)355

9,321 2,841 0.67-0.68 507-516† South Pole Station, Antarctica356

9,249 2,819 0.72 549 Quito, Ecuador
7,546 2,300 0.77 583 Mexico City, Mexico
5,280 1,609 0.83 633 Denver, Colorado, United States; Zermatt, Switzerland
4,500 1,372 0.86 650 Banff, Alberta, Canada; Kathmandu, Nepal
0 0 1.00 760 Sea level

ATA, Atmosphere absolute.
*Altitudes and barometric pressures are shown for Mt. Everest and several locations inhabited at least part time. Barometric pressures have been calcu-

lated using an algorithm developed by West,357 except for values with a dagger

†which were obtained by direct measurement.351
numbers of people fly in aircraft, travel from low to high 
altitude, and live or work at higher elevations (Table 
91-1). Significant effort has been devoted to techniques 
for prophylaxis and treatment of these illnesses.

The effects of space travel are mostly the result of 
microgravity, radiation, and confinement. Understand-
ing these effects and developing tools to deal with sick or 
injured astronauts are paramount for the medical support 
of long-range space missions, such as to Mars.

PHYSIOLOGIC EFFECTS OF INCREASED 
GAS PRESSURE

INCREASED BAROMETRIC PRESSURE

Some effects of altered ambient pressure are summarized 
in Figure 91-2.

An increase in environmental pressure is accompa-
nied by significant adiabatic heat production, whereas 
decompression generates cooling. This process results in 
an increase in chamber temperature during compression 
and cooling and precipitation of water droplets during 
decompression. These phenomena may limit the rate of 
compression in manned chambers to maintain tempera-
ture within a comfortable range.

Additionally, pockets of trapped gas within the body 
contract and expand on compression and decompression. 
Such pockets include gas in the middle ear and paranasal 
sinuses, intestinal gas, pneumothorax, and gas pockets 
within monitoring and life support systems. The changes 
in gas volume occur according to Boyle’s law:

 PV = constant 

such that doubling of environmental pressure (P) causes 
the volume (V) of a gas-filled cavity to decrease by half. 
This effect also underlies one of the major beneficial 
effects of hyperbaric treatment of pathologic gas, as in 
AGE or DCS (see later).

A comparison of pressure units used clinically with 
those in common use in hyperbaric environments is 
shown in Table 91-2.

INCREASED PARTIAL PRESSURE OF OXYGEN

Breathing O2 at increased ambient pressure leads to eleva-
tion of alveolar O2 tension (PAO2), which can be calcu-
lated according to the alveolar gas equation for O2:

PAO2 = FiO2 (Pb − PH2O) − PaCO2 ·
(

FiO2 + 1 − FiO2

R

)

where FiO2 is the fractional inspired O2 concentration; 
Ph2o is saturated water vapor pressure at body tempera-
ture (typically 47 mm Hg); Paco2 is alveolar partial pres-
sure of CO2 (Pco2), assumed to equal arterial Pco2 (Paco2); 
and R is the respiratory exchange ratio (usually ≈0.8 at 
rest). From calculated values of PAO2, arterial PO2 (PaO2) 
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Figure 91-2. Ambient pressure as a function of altitude and water depth. Whereas ambient pressure increases linearly with depth, pressure 
and altitude are not linearly related. As air is inspired and humidified, a small and usually insignificant drop from atmospheric partial pressure of 
oxygen (PO2) to inspired PO2 occurs. At altitude, however, this decrease accounts for a greater proportion of the total ambient pressure. The PO2 
line in the water is shown for a constant fraction of inspired oxygen concentration (FiO2) of 21%. At increasing depth, the inspired PO2 eventually 
exceeds the pulmonary toxic limit (∼14 m in depth) and the central nervous system toxic limit (∼70 m in depth). The threshold for high-pressure 
nervous syndrome and pressure reversal of anesthesia (observed in nonnarcotic atmospheres) is 150 to 200 m in depth. The shaded red bars 
represent the depth or altitude ranges over which risk progresses from low (light shading) to high (dark shading). AMS, Acute mountain sickness; 
HACE, high-altitude cerebral edema; HAPE, high-altitude pulmonary edema; He, helium; Max., maximum; N2, nitrogen; O2, oxygen.
TABLE 91-2 UNITS OF PRESSURE

Atmospheres  
Absolute (ATA)

Absolute Pressure  
(mm Hg)

Gauge Pressure  
(mm Hg)

Feet of Sea  
Water (fsw)

Meters of Sea  
Water (msw)

1 760 0 0 0
2 1,520 760 33 10
3 2,280 1,520 66 20
6 4,560 3,800 165 50
has been estimated, assuming that the arterial-alveolar 
(a/A) PO2 ratio remains constant.9 Whereas at 1 ATA the 
fraction of O2 in arterial blood that is carried dissolved 
in the plasma is minimal, at elevated PaO2 in the range 
of 1000 to 2000 mm Hg, significant quantities of O2 may 
exist in dissolved form (Table 91-3).

Increased PaO2 has at least four pharmacologic effects:

 1.  Increased blood O2 content
 2.  Vasoconstriction
 3.  Antibacterial action, particularly against anaerobic 

bacteria
 4.  Inhibition of endothelial neutrophil adhesion in 

injured tissue
  

The increased arterial O2 content underlies the ratio-
nale for administering HBOT for the treatment of isch-
emic conditions (e.g., ischemic nonhealing wounds). 
The elevation in PaO2 leads to an increase in tissue PO2, 
which can be estimated using transcutaneous PO2 elec-
trodes, even in ischemic tissue.10,11 The second effect 
explains the effectiveness of HBOT in the treatment of 
traumatic edema (e.g., crush injury). The mechanism of 
HBOT-induced vasoconstriction appears to be the inacti-
vation of nitric oxide as a result of increased production 
of superoxide12 and possibly decreased release of nitric 
oxide from circulating S-nitrosohemoglobin.12-14
These two effects, increased O2 content and vasocon-
striction, lead to hemodynamic changes,14,15 as shown 
in Table 91-3. A slight increase in mean arterial blood 
pressure also occurs. Studies of the effects of HBOT on 
myocardial contractility using denervated hearts16 or auto-
nomically blocked animals17 have indicated no intrinsic 
effect. In intact animals or humans, heart rate and car-
diac output are decreased and systemic vascular resistance 
is increased.14,15,18 In both anesthetized dogs and awake 
humans, pulmonary vascular resistance is decreased.14,19 
At 2 ATA, 100% O2 in conscious dogs has no effect on 
coronary flow,18 whereas at 3 ATA, both coronary flow 
and myocardial O2 consumption are decreased.17 Cere-
bral blood flow is decreased by O2 administration over a 
range of pressures,12,18 whereas at 2 ATA, hepatic, renal, 
and mesenteric flows are unchanged.18

HBOT also has microcirculatory and cellular effects in 
various disease states (see later).

INCREASE OF INERT GAS PARTIAL 
PRESSURE

An increase of the partial pressure of the inert gas (usually 
nitrogen) present in a breathing mixture is associated with 
a narcotic-like effect, predictable by the Meyer-Overton 
hypothesis. Based on its solubility in olive oil, nitrogen 
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TABLE 91-3 MEAN BLOOD E EXPOSURE AND HYPERBARIC OXYGENATION  
IN 14 NORMAL SUBJECTS

Atmospheric 
Pressure 
(ATA)

Inspired 
Gas

PO2  
(mm Hg

O2 
Saturation 
(%)

Cardiac 
Output  
(L/min)

Mean  
Arterial 
Pressure  
(mm Hg)

Mean 
Pulmonary 
Artery 
Pressure  
(mm Hg)

Pulmonary 
Artery 
Wedge 
Pressure  
(mm Hg)

Systemic 
Vascular 
Resistance 
(dyne/sec)

Pulmonary 
Vascular 
Resistance  
(dyne/sec)

0.56 (4,572 m 
altitude)

Air 38 57.1 9.1 87 18 10 762 83

1 Air 94 75.5 6.5 86 13 9 1,061 64
3 100% O2 1542 97.7 5.8 95 12 9 1,286 41

Data from McMahon TJ, Moon RE, Lu 02.
ATA, Atmospheres absolute; O2, oxy
*Assuming hemoglobin = 13 g/dL.
 ACID-BASE AND CARDIOVASCULAR RESPONSES TO ALTITUD
 

Arterial Mixed Venous

) pH
Pco2  
(mm Hg)

O2 
Saturation 
(%)

Dissolved 
O2  
(mL/dL)

Total O2
*  

(mL/dL)
PO2  
(mm Hg) pH

Pco2  
(mm Hg)

7.46 32 73.4 0.1 18.2 30 7.44 36

7.40 37 95.7 0.3 18.4 43 7.39 42
7.42 36 99.1 4.6 22.7 399 7.37 43

schinger BP, et al: Nitric oxide in the human respiratory cycle, Nat Med 8:711-717, 20
gen; Pco2, partial pressure of carbon dioxide; PO2, partial pressure of oxygen.



Chapter 91: Clinical Care in Extreme Environments: At High and Low Pressure and in Space 2679
has 0.03 to 0.05 times the narcotic potency of nitrous 
oxide. At 3 ATA (breathing air), most people experience 
mild euphoria. At 6 ATA, memory loss and poor judg-
ment may appear. At 10 ATA, some individuals lapse into 
unconsciousness. Nitrogen narcosis looks like alcohol 
intoxication; an increase in ambient pressure of 1.5 ATA 
appears to be similar to drinking one martini. Argon and, 
to a lesser degree, hydrogen, are narcotic-like, whereas 
helium has minimal if any such effect. In animals exposed 
to high partial pressures of nitrogen, evidence indicates 
activation of γ-aminobutyric acidA (GABAA) receptors of 
dopaminergic neurons in the nigrostriatal pathway, thus 
leading to a decrease in dopamine release.20

ELEVATION OF ABSOLUTE PRESSURE

High-Pressure Nervous Syndrome
High pressure induces a constellation of symptoms con-
sisting of tremor, ataxia, nausea, and vomiting that is 
known as the high-pressure nervous syndrome (HPNS).21 
It occurs at an ambient pressure more than 15 to 20 ATA 
and was first described during the compression phase of 
deep dives with a helium-O2 atmosphere. HPNS is amelio-
rated by slow compression and addition of a narcotic gas 
(e.g., nitrogen) to the breathing mix.22 The pathogenesis of 
HPNS may be related to an increase in striatal dopamine.23

Pressure Reversal of Anesthesia
Studies in animals demonstrated that high pressure has 
the tendency to reverse general anesthesia. Increases in 
ambient pressure in the absence of a narcotic inert breath-
ing gas tend to decrease the effectiveness of both inhaled 
and intravenous anesthetic agents. At 50 ATA, a 20% 
increase in the 50% effective dose (ED50) occurs in mice 
with a variety of inhaled anesthetic agents. At 50 and 
100 ATA, the effective dose of barbiturates increases by 
30% to 60%.24 The ED50 for diazepam in rats is markedly 
reduced at 90 ATA in a helium-O2 atmosphere.25 At 31 
ATA, the effective concentration for half-maximal effect 
(EC50) of propofol for loss of righting reflex in tadpoles is 
increased by 19%, and at 61 ATA, it is increased by 38%.26 
Using the same technique, the EC50 for dexmedetomidine 
at 31 ATA is nearly double the value at 1 ATA, and it is 
increased 2.5-fold at 61 ATA.27 At 80 ATA, the minimum 
alveolar concentration (MAC) of desflurane as assessed 
by response to a noxious stimulus is increased by 19%.28 
The mechanisms of pressure reversal may be secondary 
to physical chemical effects of pressure on membranes,29 
or they may be related to alterations in neurotransmitter 
release.23 However, within the range of pressures used for 
HBOT (up to 3 to 6 ATA), the effects of pressure on seda-
tive or anesthetic drugs are not clinically significant.

EFFECTS OF HYPERBARIC EXPOSURE  
ON DRUG DISPOSITION

A few studies have examined the disposition of drugs and 
drug effects at increased environmental pressures. Studies 
in awake dogs at pressures up to 6 ATA and ambient PO2 
up to 2.8 ATA showed that liver plasma flow decreased 
when either ambient pressure or PO2 was increased. 
Plasma volume increased at 1.3 ATA and returned toward 
1 ATA values during higher pressures. In the same stud-
ies plasma volume was inconsistently affected by ambient 
pressure, but it was reduced by increases in PO2.30

Hyperbaria has no major pharmacokinetic or pharma-
codynamic effect for most drugs up to 6 ATA. Up to 6 
ATA pressure and 2.8 ATA PO2, the pharmacokinetics of 
meperidine,31 pentobarbital,32 theophylline,33 and salicy-
late34 are unaffected.

Benzodiazepines, chlorpromazine, and lithium car-
bonate were used for the treatment of agitation, auditory 
and visual illusions, and paranoia in a previously normal 
subject participating in an experimental dive to 650 m 
(66 ATA).35 The symptoms, poorly controlled with diaz-
epam 120 mg/day and temazepam 60 mg/day, ultimately 
responded to chlorpromazine 300 mg/day. Lithium car-
bonate administered in conventional doses displayed 
normal pharmacokinetics. However, chlorpromazine 
appeared clinically to be appropriate. Whether the failure 
of benzodiazepines to elicit a desired therapeutic response 
was caused by the patient’s condition or by a pressure-
reversal phenomenon is not clear.

In summary, conventional parenteral drug dosing 
schedules may be followed safely under hyperbaric con-
ditions at the pressures used for clinical treatment of 
patients with HBOT.

RATIONALE FOR THE TREATMENT  
OF SELECTED SPECIFIC SYNDROMES

CARBON MONOXIDE POISONING

Hemoglobin (Hb) binds CO with an affinity much higher 
(by a factor of ≈200) than that for O2. This binding of 
CO with Hb to form carboxyhemoglobin (HbCO) has two 
major effects. First, the proportion of Hb that is occupied 
by CO molecules is unavailable for O2 transport, thus 
resulting in a functional anemia. Second, the avidity with 
which the remaining Hb binds O2 is increased (shift to 
the left of the Hb-O2 dissociation curve). The results are a 
decreased ability to unload O2 from blood to tissue at the 
capillary and therefore a reduction in tissue PO2. Previ-
ously it was believed that these effects were solely respon-
sible for the toxicity of CO. However, evidence has since 
been presented to show that the binding of CO to intra-
cellular pigments (e.g., cytochrome a, cytochrome a3, 
myoglobin) and oxidative stress may contribute signifi-
cantly to the toxicity of CO.36-44 CO exposure also triggers 
intravascular platelet-neutrophil aggregation and neutro-
phil activation.44 These mechanisms result in toxicity to 
multiple organ systems, including brain and heart.41,45 
Immune-mediated effects have also been described.46

Clinical effects include headache, nausea, vomit-
ing, dizziness, myocardial ischemia, loss of conscious-
ness, and, during pregnancy, fetal distress. Persistent or 
delayed neurologic sequelae can occur, often after a clear 
window of lucidity.47,48 Increased risk factors for persis-
tent sequelae include older age (≥36 years) and longer CO 
exposure.49

The diagnosis of CO poisoning is made by a history 
of exposure (internal combustion engine exhaust, fire, 
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improperly adjusted gas or oil heating, charcoal or gas 
grills, or exposure to paint stripper containing methylene 
chloride, which is metabolized by the liver to CO). The 
diagnosis is confirmed by finding an elevated HbCO level 
in either arterial or venous blood. HbCO concentration 
in anticoagulated blood samples is stable for several days. 
Therefore, if HbCO determination is not available at a 
referring facility, the diagnosis can be confirmed using 
a blood sample obtained at the time of initial evaluation 
and transported with the patient. Fetal Hb (HbF) can pro-
duce a falsely elevated reading for HbCO on certain four-
wavelength laboratory co-oximeters.50 In the first few 
weeks of life, blood from normal infants may therefore 
falsely indicate 7% to 8% HbCO.

Actual HbCO levels measured on arrival in the emer-
gency room correlate poorly with clinical status and 
should not be used as the sole criterion to determine the 
need for treatment. Because of the lower intracellular PO2, 
elimination of CO from intracellular binding sites occurs 
more slowly. Significant mental obtundation, vomiting, 
and headache may remain even in patients with a normal 
HbCO level.

Brain imaging may reveal a variety of abnormalities in 
patients with CO poisoning, including hypodensities in 
the globus pallidus and subcortical white matter, cerebral 
cortical lesions, cerebral edema, hippocampal lesions, 
loss of gray matter and white matter differentiation, and 
white matter hyperintensities.51-53 Except to exclude 
other pathologic processes, brain imaging is not useful 
for determining who should receive HBOT, but it may 
provide prognostic information.51

O2 is the primary treatment modality for CO poison-
ing. High PaO2 hastens the removal of CO from blood, 
as indicated by a reduced half-life of HbCO. Figure 91-3 
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Figure 91-3. Elimination half-time (t½) of carboxyhemoglobin 
(HbCO) in 93 carbon monoxide (CO)-poisoned patients. Although 
scatter are present in the data, it is apparent that CO dissociates 
from hemoglobin faster at a higher partial pressure of oxygen (PO2). 
(Redrawn from Weaver LK, Howe S, Hopkins R, Chan KJ: Carboxyhemo-
globin half-life in carbon monoxide–poisoned patients treated with 100% 
oxygen at atmospheric pressure, Chest 117: 801-808, 2000.)
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hows the HbCO half-time in a series of CO-poisoned 
atients during normobaric O2 administration; HBOT 
educes the half-time even further, to approximately 
0 minutes at 2.5 ATA54 (Table 91-4). Additionally, the 
creased dissolved O2 in plasma may support tissue 

xygenation pending removal of CO from Hb and other 
roteins important for O2 transport. Mounting evidence 
dicates that for poisoning in which neurologic symp-

oms occur, HBOT may decrease both early and late 
orbidity.55 Although the results of one randomized pro-

pective trial of hyperbaric versus normobaric O2 revealed 
o apparent benefit of HBOT,56 in four other trials HBOT 
esulted in improved outcome compared with treatment 
t 1 ATA47,48,57,58 (Fig. 91-4).

Commonly used guidelines for the application of 
BOT in CO poisoning include the following:

 history of neurologic impairment (including dizziness, 
loss of consciousness)

vidence of cardiac abnormalities (ischemia, arrhythmias, 
ventricular failure)

n HbCO level that has been higher than 25%
 

TABLE 91-4 CARBON MONOXIDE ELIMINATION 
HALF-TIMES WHILE BREATHING AIR OR 100% 
OXYGEN AT 1 ATA AND AT 2.5 ATA

Breathing Gas
Mean Half-life 
(min)* No. Subjects

Air, 1 ATA 214 10
Oxygen, 1 ATA 43 15
Oxygen, 2.5 ATA 19 10

TA, Atmospheres absolute.
ean values from data of Pace et al.54
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igure 91-4. Cognitive sequelae in a randomized prospective trial 
f hyperbaric oxygen (O2) in carbon monoxide poisoning. Cognitive 
quelae were defined as any T score for a neuropsychological subtest 
ore than 2 standard deviations (SD) below the mean of demographi-

ally corrected standardized T scores or if two or more T scores for 
btests were more than 1 SD below the mean. If the patient reported 

ifficulties with memory, attention, or concentration, then cognitive 
quelae were defined as a T score on any neuropsychological subtest 
ore than 1 SD below the mean of demographically corrected stan-

ardized T scores. (Drawn from data reported by Weaver LK, Hopkins 
O, Chan KJ, et al: Hyperbaric oxygen for acute carbon monoxide poison-
g, N Engl J Med 347:1057-1067, 2002.)
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Fetuses are particularly susceptible to CO toxicity. Preg-
nant women who fulfill the criteria just listed or in whom 
fetal distress is noted should be treated with HBOT. Case 
reports,59-61 published series,62,63 and a critical review64 
support the concept that inadequately treated CO poi-
soning is a serious risk to the mother and fetus, and the 
benefits of HBOT outweigh the theoretic risks to the fetus 
from HBOT. Potential adverse effects of currently imple-
mented HBOT protocols have not been confirmed in 
clinical practice.

GAS EMBOLISM AND DECOMPRESSION 
SICKNESS

Introduction of gas into the arterial circulation (AGE) 
has traditionally been associated with scuba divers and 
attributed to pulmonary barotrauma during ascent from 
a dive while breathing compressed gas. However, it may 
also occur iatrogenically in several clinical circumstances, 
such as during cardiopulmonary bypass or as a result 
of inadvertent injection of air during a diagnostic arte-
riogram or hemodialysis (see also Chapters 67 and 90). 
Additionally, large amounts of gas may enter the venous 
system, for example during neurosurgical procedures (see 
also Chapters 49 and 70) with the patient in the sitting 
position, hemodialysis, major back surgery, total hip 
replacement, cesarean section, laparoscopy, intrauterine 
laser surgery, arthroscopy (from air escaping from faulty 
air-powered drill), and hydrogen peroxide irrigation or 
oral ingestion (from elaboration of gaseous O2 from tissue 
and blood catalase). Venous gas embolism (VGE) can also 
occur when a central venous catheter is opened to air. 
Severe VGE has also occurred during orogenital sex after 
blowing air intravaginally.65 VGE can occur in patients 
with adult respiratory distress syndrome (ARDS) who are 
being ventilated with positive end-expiratory pressure.66 
VGE in sufficient quantity may overwhelm the ability of 
the pulmonary vasculature to filter the gas, thus allowing 
bubbles to pass into the arterial circulation. Even small 
amounts of venous gas (e.g., VGE caused by decompres-
sion from diving) have been implicated in neurologic 
syndromes in scuba divers because of transatrial passage 
through a patent foramen ovale.67,68

The effects of gas embolism are not solely the result of 
vessel obstruction by bubbles. Bubble-endothelial inter-
action causes increased capillary permeability and extrav-
asation of fluid,69,70 as well as impairment of endothelial 
function.71 Another effect was demonstrated in a model 
of AGE in anesthetized rabbits72,73: Small doses of intraca-
rotid air may pass through the cerebral microcirculation 
yet produce vasoplegia, delayed reduction of cerebral 
blood flow, and neurophysiologic impairment. Because 
this reduction in blood flow is abolished in neutropenia, 
leukocytes are likely required for this effect.74 This phe-
nomenon of delayed reduction of cerebral blood flow 
may be responsible for the clinical observation of initial 
neurologic improvement after AGE, followed by delayed 
deterioration.75

A related syndrome that results from pathologic effects 
of tissue and blood gas bubbles is DCS, seen in aviators 
and compressed gas divers. The gas bubbles in these situ-
ations occur because of a decrease in ambient pressure at 
 Environments: At High and Low Pressure and in Space 2681

a rate sufficient to induce local inert gas supersaturation, 
with resulting formation of bubbles in situ from tissue 
stores. Symptoms of AGE classically consist of impaired 
consciousness, hemiparesis, or seizures, but they may be 
less severe. DCS most commonly manifests as any combi-
nation of joint pain, paresthesias, motor weakness, blad-
der or bowel sphincter dysfunction, vertigo, tinnitus, and 
hearing loss.76,77

Treatment principles for both forms of gas bubble 
disease, AGE and DCS, are the same in most instances. 
First aid includes therapy with O2.78 High PO2 results in 
an increased rate of resolution of gas bubbles because 
of the resulting higher partial pressure gradient for dif-
fusion of inert gas from the interior of the bubble into 
the surrounding tissue or blood. Intravascular bubbles 
cause endothelial leak, extravasation of plasma, and 
hemoconcentration.69,79 Intravascular fluid resuscitation 
replenishes intravascular volume, reduces hemoconcen-
tration, and facilitates microcirculatory flow,80 actions 
that have been confirmed by both animal81 and human 
observations.69 However, excessive intravascular fluid 
administration can worsen pulmonary gas exchange in 
cardiorespiratory DCS (pulmonary edema from VGE), and 
aggressive fluid therapy is not indicated for isolated AGE.80 
Although capillary leak resulting from cerebral AGE can 
raise intracranial pressure (ICP), studies in anesthetized 
pigs showed that hyperventilation offers no benefit.82

HBOT is the definitive treatment for AGE and DCS.83 
The increased pressure causes a diminution in gas volume 
and thus further hastens resolution. The usefulness of 
HBOT for diving-related or aerospace-related gas embo-
lism associated with rapid decompression is well docu-
mented.84,85 HBOT may effect neurologic improvement 
even after many hours and sometimes days between the 
embolic event and treatment,86-88 although some evi-
dence suggests that severe abnormalities are less likely 
to resolve if not treated promptly.89 Treatment of AGE is 
usually performed at ambient pressures from 2.8 to 6 ATA 
(see the later section on treatment schedules).

The decision to administer recompression treatment 
should be based entirely on clinical evaluation.83 The 
only appropriate role of brain or spinal imaging (e.g., 
computed tomography [CT], magnetic resonance imag-
ing [MRI]) is to exclude other pathologic processes such 
as hemorrhage, and only with a high degree of suspicion 
that bubbles are not the cause of a patient’s symptoms. 
Patients with AGE should be treated with HBOT only if 
CT of the brain reveals air.90 However, brain imaging of 
patients with AGE or DCS reveals abnormalities in only 
a minority of cases,88,89 and the abnormalities on either 
CT or MRI are usually not specific. Neither the presence 
nor the absence of intravascular gas predicts response to 
hyperbaric treatment.88,89 Nuclear imaging of the brain 
using single photon emission tomography (SPECT) or 
positron emission tomography (PET)91 does not pro-
vide clinically useful information in the management of 
patients with bubble-induced neurologic injury.

ACUTE INFECTIONS

Anaerobic bacteria are especially sensitive to increased 
tissue PO2. High O2 tensions inhibit clostridial α-toxin 
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production.92 Other mechanisms include reversal of 
hypoxia-induced neutrophil function,93-95 enhanced 
macrophage interleukin-10 expression,96 and antiinflam-
matory effects.97-99 Evidence in favor of the use of HBOT 
in clostridial and nonclostridial infections is provided by 
clinical series and database analyses.100-103

SUPPORT OF ARTERIAL OXYGENATION

HBOT is a safe and effective method of supporting arte-
rial oxygenation during therapeutic lung lavage, during 
which oxygenation must be maintained by the contralat-
eral (nonlavaged) lung.104,105 In our experience of more 
than 100 procedures, using this technique to treat arte-
rial oxygenation has been uniformly successful with no 
resulting complications. A reversible simulation of pul-
monary gas exchange during the lavage procedure can be 
provided by temporarily ventilating the lung to be lavaged 
with 5% to 6% O2/balance nitrogen, which reduces PAO2 
in that lung to approximately the level of mixed venous 
PO2 and confining O2 exchange to the contralateral lung. 
Hypoxemia within 5 minutes predicts hypoxemia during 
the actual lavage.

MAINTENANCE OF OXYGEN TRANSPORT 
IN SEVERE ANEMIA

The ability of HBOT to increase arterial O2 content in 
plasma to clinically useful levels may allow support of tis-
sue O2 delivery even without Hb. HBOT can therefore be 
used for temporary support of severely anemic patients 
pending availability of definitive therapy in the form of 
crossmatched blood (see also Chapter 61).

FUTURE DIRECTIONS

PREOPERATIVE HYPERBARIC 
OXYGENATION

Preconditioning is described as the application of an insult 
to activate endogenous protective mechanisms to lessen 
the morphologic and functional sequelae of a subsequent 
insult. Ischemic preconditioning is the application of a brief 
period of ischemia that activates endogenous protective 
mechanisms to reduce the damage from subsequent isch-
emic insults. Ischemic preconditioning was first described 
in canine myocardium and subsequently was shown also 
to exist in the brain. Since then, intense research in the 
field of pharmacology has ensued to identify other agents 
that lead to preconditioning, such as volatile anesthet-
ics, lipopolysaccharide exposure, heat, central nervous 
system (CNS) seizures, hypoxia and hyperoxia, and, more 
recently, hyperbaric hyperoxia.

Several clinical trials have provided evidence that 
HBOT before cardiac or surgical procedures can improve 
outcome. Sharifi and associates described the use of 
HBOT to inhibit restenosis after percutaneous coronary 
intervention in acute myocardial infarction.106 In 2005, 
Alex and associates observed that repetitive pretreatment 
with three sessions of HBOT at 2.4 ATA before on-pump 
coronary artery bypass graft (CABG) surgery reduced 
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europsychometric dysfunction and modulated favor-
bly the inflammatory response after cardiopulmonary 
ypass.107 Yogaratnam and associates reported that pre-
onditioning with a single session of HBOT at 2.5 ATA 
efore on-pump CABG surgery improved left ventricular 
troke work after CABG surgery while reducing intraoper-
tive blood loss, intensive care unit (ICU) length of stay, 
nd postoperative complications.108 In patients under-
oing on-pump and off-pump CABG, Li and associates 
emonstrated that HBOT preconditioning decreased the 
elease of cerebral and myocardial biochemical markers. 
atients in the on-pump group pretreated with HBOT had 
 reduced length of ICU stay and decreased use of inotro-
ic drugs.109

The mechanism by which HBOT can be protective is not 
urrently known, but it does not involve support of metab-
lism by increased tissue O2 stores because tissue and blood 
xygenation is dissipated within minutes after hyperbaric 
xposure. The etiology of cerebral injuries is probably mul-
ifactorial, including cerebral microemboli, global cere-
ral hypoperfusion, inflammation, cerebral temperature 
odulation, and genetic susceptibility.110 The mechanism 

f protection therefore may include HBOT-induced oxida-
ive stress resulting from increased reactive oxygen species 
eneration, which could induce ischemic tolerance similar 
o ischemia and reperfusion. Alternatively, HBOT precon-
itioning may diminish ischemia-reperfusion damage by 
ecreasing tissue leukocyte recruitment and activation, 
educing tissue edema, protecting from cellular necrosis, 
educing tissue apoptosis, and improving tissue outcome 
nd preservation.111,112 Another possible mechanism is up-
egulation of antioxidant enzymes, such as superoxide dis-
utase,113 and possibly also heme oxygenase-1, as shown 

n a model of liver ischemia.114 HBOT may be beneficial 
hen administered before or after selected procedures. The 

ole of HBOT in this setting needs to be determined by 
arger clinical trials.

TROKE

everal studies of middle cerebral artery occlusion in 
ats demonstrated beneficial effects of HBOT.115-118 In 
n unselected case series of patients with acute stroke 
reated within 5 hours of symptom onset, some patients 
mproved with HBOT in which arterial PO2 was 1100 to 
300 mm Hg.119 Several clinical studies have been con-
ucted, with mixed results,120 perhaps because of failure 
o start HBOT in a timely fashion121 or to use of subthera-
eutic PO2. One double-blind study described improved 
utcome when HBOT was administered after acute stroke, 
 finding suggesting some effect on neuroplasticity.122

HERAPEUTIC SYSTEMS

he traditional method of administering hyperbaric ther-
py is with a multiplace chamber, which accommodates 
wo or more persons (Fig. 91-5). Size may vary from a small, 
ortable 2-person chamber used for transporting patients 

n the field to a chamber 20 ft or more in diameter in which 
2 or more patients may be comfortably admitted, in addi-
ion to tenders. Multiplace chambers are compressed with 
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Figure 91-5. Multiplace hyper-
baric chamber large enough for 
one or more patients and tenders. 
The chamber atmosphere is com-
pressed air. The patient receives 
100% oxygen by mask, head tent, 
or endotracheal tube. Monitors are 
usually kept outside the chamber 
because of electrical safety con-
siderations. Monitoring is possible 
through a porthole. A personnel 
lock and a transfer lock allow physi-
cians, nurses, or other personnel, in 
addition to medications, food, and 
blood samples, to be moved into 
and out of the chamber without 
repeated compression and decom-
pression of the patient.

Monitor
outside porthole Transfer lock

Personnel lock Main chamber
air while the patient breathes O2 with a head tent (Fig. 
91-6), face mask, or endotracheal tube. Because of immedi-
ate access to the patient by accompanying nursing person-
nel or physicians, monitoring and resuscitative procedures 
are straightforward. However, multiplace chambers take up 
a lot of space and are expensive.

Exhaust gas

Sample line

Fresh
gas

Figure 91-6. Head tent circuit for use in a multiplace chamber. Fresh 
gas (100% oxygen) flows at a constant rate (>30 L/minute) through the 
head tent. Exhaust gas may be either vented outside the chamber or 
recirculated through a carbon dioxide scrubber. The sample line attached 
to the exhaust hose allows monitoring of the patient’s breathing gas.
Monoplace chambers are large enough to accom-
modate only one patient (Fig. 91-7), or a tender with a 
small child. The chamber wall in most types is manufac-
tured of Plexiglas, thus facilitating close visual observa-
tion of the patient. The chamber is usually compressed 
with 100% O2. The advantage of monoplace chambers is 
their relatively low cost and ease of installation. Cham-
ber operation can often be implemented by connecting 
the O2 inlet to the hospital supply. Operation is relatively 
simple, but the patient inside is not directly accessible. 
Monitoring is more remote, and emergency airway man-
agement is not possible. Development of pneumothorax 
during treatment, particularly tension pneumothorax, 

Figure 91-7. Monoplace chamber. This type of chamber has room 
for one patient or a tender with a small child. The patient is moved 
into and out of the chamber on a wheeled gurney. The chamber 
atmosphere is usually 100% oxygen. The chamber is constructed of 
transparent Plexiglas to allow observation. Through-hull penetrators 
in the door on the left can be seen and allow monitoring, intravenous 
fluid administration, and control of a ventilator inside the chamber. 
(Photograph courtesy Dr. Lindell Weaver).
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can be fatal because pleural decompression with a needle 
or chest tube cannot be performed before decompres-
sion; however, this complication is extremely rare. A 
minor disadvantage of these chambers is that the ambi-
ent pressure limit is 3 ATA, and for practical reasons (psy-
chological aversion to confinement), treatment times are 
limited. Moreover, intermittent periods of air breathing, 
to decrease the risk of O2 toxicity during some types of 
treatment schedules (see later), require installation of an 
additional gas delivery system. Nevertheless, monoplace 
technology now permits intravenous fluid administration 
from outside the chamber, invasive intravascular moni-
toring, mechanical ventilation, and utilization of pleural 
drainage systems incorporating regulated suction.123,124

HYPERBARIC TREATMENT SCHEDULES

Ideally, a patient who has therapeutic indication for 
HBOT would be exposed for an unlimited time until the 
condition resolves. Unfortunately, several factors limit 
the dose and duration of HBOT:

O2 toxicity
Decompression obligation for nursing staff (or other 

tenders) accompanying the patient
Adequacy of monitoring
Patient isolation and boredom in a confined environment
  

Treatment schedules are compromises between O2 
partial pressure and exposure time on one hand and O2 
toxicity and the other practical limiting factors on the 
other. The original schedules (or “tables”) were developed 
by the various navies of the world to treat DCS and gas 
embolism in divers (Fig. 91-8).

U.S. Navy Table 6 prescribes an initial exposure to 
2.8 ATA (equivalent to 60 ft of sea water [fsw], or 18 m 
of sea water [msw]), followed by slow decompression to 
1.9 ATA (30 fsw) (Box 91-2; see Fig. 91-8). Periods of O2 
breathing are interspersed with 5- or 15-minute periods 
of air breathing to decrease O2 toxicity (see later). This 
schedule remains the mainstay of treatment for DCS in 
multiplace chambers throughout the world. Incomplete 
relief of signs or symptoms can be treated with repeated 
applications of the U.S. Navy Table 6 protocol or a shorter 
treatment once or twice daily.

“Saturation” treatment consists of an extended expo-
sure to increased pressure (e.g., 2.8 ATA) for an unspeci-
fied period of time (often 1 to 2 days) until manifestations 
have stabilized. Periodic O2 breathing is given according 
to a recommended schedule as tolerated. Because satura-
tion treatment results in a much larger degree of nitrogen 
uptake in both the patient and the tender, decompres-
sion must occur much more slowly, usually over 24 to 
36 hours.125 Although this therapy avoids the theoretic 
disadvantage of intermittent treatment—failure of reso-
lution of gas bubbles—it is also considerably more labor 
intensive. Because hyperbaric chambers used for satura-
tion treatments require additional hardware (e.g., CO2 
scrubbing capability) and personnel, their application 
outside military and commercial diving has been limited.

A schedule used for treatment of patients with clos-
tridial myonecrosis or other life-threatening anaerobic 
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Figure 91-8. U.S. Navy treatment tables. Top, U.S. Navy Table 6a. 
This schedule is occasionally used for the treatment of arterial gas 
embolism. During the 30-minute period at 6 ATA, air or 40% to 50% 
oxygen (O2) can be administered. Bottom, U.S. Navy Table 6. This 
table was originally designed for the treatment of decompression sick-
ness, but it is now the most commonly used table for gas embolism as 
well. The shaded areas represent 100% O2 breathing; the white areas 
represent air breathing periods (see Fig. 91-10). Further details can be 
found in the U.S. Navy Diving Manual. N2, Nitrogen. (From U.S. Navy 
Department: U.S. Navy diving manual, rev 6, vol 5: Diving medicine and 
recompression chamber operations, NAVSEA 0910-LP-106-0957, Wash-
ington, DC, 2008, Naval Sea Systems Command.)

Standard air decompression
Within 2 ft of standard Navy depth divisions, use the next 

greatest depth.
Within 2 min of standard Navy time divisions, use the next 

greatest time.
During decompression of the chamber after a compressed air 

dive, breathe 100% O2 from an equivalent depth of 50 fsw 
(2.5 ATA) to the surface or for 15 min, whichever is shorter.

Time for decompression
68-30 fsw (3.06-1.9 ATA): 3 min
30-20 fsw (1.9-1.6 ATA): 1 min
20-10 fsw (1.6-1.3 ATA): 1 min
10 fsw (or last stop) —”surface” (1.3-1.0 ATA): 5 min

Table 6 or 6A
When U.S.N. Tables 6 and 6A are extended, the tender should 

breathe 100% O2 for the last 30-90 min at 30 fsw (1.9 ATA) 
according to the number of extensions at 60 fsw (2.8 ATA): 
30 minutes (no extensions), 60 minutes (1 extension), 90 
minutes (2 extensions). 100% O2 is breathed by the tender 
for the entire period of decompression from 30 fsw (1.9 
ATA) to “surface” (1 ATA).

BOX 91-2 Duke Modifications of the U.S. 
Navy Tables
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infections is shown in Figure 91-9. This schedule consists 
of 85 minutes at 3 ATA followed by a 33-minute decom-
pression stop for the tenders at 1.3 ATA. This treatment 
schedule has been designed to maximize PaO2 (and hence 
tissue bactericidal activity resulting from O2) without an 
undue risk of hyperoxic seizures.

Treatment schedules for CO poisoning have varied. 
However, the proven efficacy of the schedule reported 
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Time (hours)

Routine repetitive hyperbaric O2 protocol

Duke therapeutic protocol for
clostridial myonecrosis

Air breathing

85 minutes at 2.8–3.06 ATA

100% O2 breathing
Decompression stop
for tenders at 1.3 ATA

Figure 91-9. Examples of clinical hyperbaric oxygen (O2) treatment 
schedules. A, The patient breathes 100% O2 for 2 hours at an ambi-
ent pressure of 2 ATA. Generally, this schedule is used for repetitive 
treatment of chronic conditions (e.g., osteoradionecrosis). B, Thera-
peutic schedule often used for treatment of clostridial myonecrosis. 
The patient and tender spend 85 minutes at 2.8 to 3.06 ATA (3 ATA 
shown). The patient breathes 100% O2, except during two 5-minute  
air breaks to reduce pulmonary and central nervous system O2 toxic-
ity. A decompression stop is made at 1.3 ATA, according to the U.S. 
Navy standard air decompression table. The stop is designed to facili-
tate safe decompression of the tender, who breathes air at 3 ATA.
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by Weaver (60 minutes at 3 ATA, 60 minutes at 2 ATA 
in addition to air breaks and compression-decompres-
sion time) supports the use of 3 ATA for at least the first 
treatment.48

Administration of HBOT to patients with chronic 
diseases (e.g., radionecrosis) is usually performed using 
shorter treatment tables at lower ambient pressure, most 
commonly 1 to 2 hours at 2.0 to 2.5 ATA (see Fig. 91-9) 
once or twice daily. At this lower ambient pressure, the 
risk of O2 toxicity is minimal and treatments are well tol-
erated by most patients.

SIDE EFFECTS OF HYPERBARIC THERAPY

OXYGEN TOXICITY

A wide body of evidence supports the notion that O2 
toxicity is caused by excessive production of oxygen free 
radicals (e.g., superoxide, hydroxyl radicals, and singlet 
oxygen). At high O2 partial pressures, scavenging mecha-
nisms can be overcome by increased rates of free radical 
production.126 With the use of supplemental O2 at 1 ATA, 
the manifestations of O2 toxicity are almost exclusively 
confined to the lung; however, during hyperbaric O2 
exposure, other organs can be affected as well.

O2 toxicity during HBOT can affect mainly the lung, 
the CNS, and the eye. Pulmonary toxicity in the conscious 
patient is heralded by symptoms of tracheobronchial irri-
tation, namely, cough and burning chest pain. Prolonged 
exposure may result in a decrease in vital capacity and, if 
O2 administration continues, ARDS. In the rare instances 
in which prolonged HBOT is indicated, the rate of devel-
opment of pulmonary O2 toxicity can be slowed by inter-
mittent air-breathing periods (“air breaks”) (Fig. 91-10).

O2 toxicity is related to the PO2 of the inspired gas. At 
1 ATA, 100% O2 is as toxic as 16.7% O2 at 6 ATA or 2% 
Figure 91-10. Decrease in vital capacity 
(VC) as a function of time breathing 100% 
oxygen (O2) at 2 ATA in humans. The fig-
ure illustrates the value of intermittent O2 
(20 minutes O2, 5 minutes air) versus con-
tinuous O2 administration in the prevention 
of pulmonary O2 toxicity. The numbers in 
parentheses represent the number of sub-
jects tested. (From Clark JM: Oxygen toxicity. 
In Bennett PB, Elliott DH, editors: The physi-
ology and medicine of diving, Philadelphia, 
1993, Saunders, pp 121-169.)Hours of O2 breathing at 2.0 atm
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O2 at 50 ATA. One method of quantification of O2 expo-
sure is the unit pulmonary toxic dose, or UPTD.127 In this 
system, the number of UPTD units is calculated by the 
following formula:

 U = t ⋅ m
√

0.5/ (P − 0.5) 

where U is the unit; t is the exposure time in minutes; 
P is the inspired PO2 in ATA, and m is a slope constant 
that has an empiric value of 1.2. After 1425 UPTD units 
of O2 exposure, an average 10% decrease in vital capac-
ity occurs. After 2190 UPTD units, an associated decrease 
of 20% occurs. Complete reversal of vital capacity decre-
ments as large as 40% of control has been observed after 
extended O2 exposure at 2 ATA.127

Reanalysis of a larger data set than the one used for the 
UPTD model, which included those data, resulted in a 
different prediction equation:

 %ΔVC = − 0.009 ⋅ (P − 0.38) ⋅ t 

where P and t are the same as for the previous equa tion.128

Using previously published data, Arieli and colleagues 
developed the following equation129:

 %ΔVC = 0.0082 ⋅ t2(PO2/101.3)4.57
 

where t is time in hours, and PO2 is measured in kilopas-
cals (kPa).

Although these algorithms may be useful as an 
approximate guide to safe O2 exposures in populations, 
interindividual variability is such that they cannot be 
relied on to predict the development of pulmonary O2 
toxicity accurately for a specific patient.130 Furthermore, 
O2 toxicity can be modified by humidity,131 circulat-
ing catecholamine and corticosteroid levels, leukocyte 
accumulation in the lungs (e.g., with pneumonia), and 
circulating endotoxin. A more useful guide to the devel-
opment of pulmonary toxicity is the patient’s symp-
toms, which include cough and inspiratory central 
burning chest pain. These symptoms do not occur dur-
ing routine repetitive HBOT, but they may become evi-
dent during extensive O2 periods at 2.8 ATA (e.g., when 
treating neurologic DCS). Asymptomatic persons usu-
ally have minimal or no change in vital capacity. Minor 
changes in forced expiratory volume in 1 second (FEV1) 
reported during repetitive HBOT132 are of uncertain clin-
ical importance.

Some antineoplastic agents, such as bleomycin133 and 
mitomycin C,134,135 appear to predispose to fatal pul-
monary O2 toxicity (ARDS and respiratory failure) from 
what should otherwise have been well-tolerated doses 
of supplemental O2. The risk of pulmonary O2 toxicity 
from HBOT in patients with previous exposure to such 
agents is unknown, although we have treated several 
such individuals with a remote history of bleomycin 
treatment with repetitive doses of HBOT at 2 ATA for 
2 hours (initially once daily, then increased to twice 
daily).136 Occasional mild pulmonary O2 toxicity symp-
toms such as retrosternal chest tightness did occur, but 
none of these patients experienced severe O2 toxicity. 
Propensity to pulmonary O2 toxicity engendered by 
these drugs appears to diminish a few weeks after their 
discontinuation.
CNS O2 toxicity manifests as follows: nausea; vomit-
ing; numbness; twitching; dizziness; olfactory, acoustic, 
or gustatory sensations; and, in its most severe form, non-
focal tonic-clonic seizures.137,138 The probability of sei-
zures increases with increasing PO2 and time of exposure. 
In a study of 36 divers breathing 100% O2 at 3.7 ATA, all 
experienced one or more of these symptoms within 100 
minutes or less.137,138 In clinical practice, convulsions in 
patients undergoing HBOT are rare at ambient Po2 up to 
2.5 ATA (typically 0.008% to 0.035% of treatments139), 
and the patients often have another predisposing factor 
(often hypoglycemia). The probability of a convulsion is 
also greater when O2 is administered for acute indications 
such as CO poisoning.140 Metabolic factors may reduce 
the seizure threshold, such as the administration of high-
dose penicillin (e.g., for clostridial infection), sepsis, and 
hypoglycemia.

The treatment of hyperoxic seizures is immediate 
reduction of the inspired PO2 until the seizure stops. 
Some physicians then routinely administer an anticon-
vulsant such as phenobarbital, phenytoin, or a benzodi-
azepine. It is generally recommended that the chamber 
should not be decompressed while the patient is actively 
convulsing because airway closure and failure to exhale 
during this period may cause pulmonary barotrauma. 
Hyperoxic seizures otherwise have no sequelae and rarely 
recur even if HBOT is continued. Thus, the occurrence of 
CNS O2 toxicity should not preclude further HBOT. No 
evidence indicates that hyperoxic seizures are more com-
mon in patients with preexisting seizure disorders.

An acute effect of HBOT on the eye is narrowing of 
the visual fields,141 which is generally observed only at 
a PO2 of 3 ATA or greater and thus rarely, if ever, during 
routine HBOTs. A subacute or chronic ocular effect is a 
change in the refractive index of the lens that results in 
myopia.142,143 Such refractive index change occurs dur-
ing the course of intermittent HBOT over several weeks 
and usually resolves in a similar period of time. However, 
some patients may be left with residual myopia, particu-
larly older patients.144

The risk of retrolental fibroplasia in the unborn child 
of a woman who may require acute HBOT during preg-
nancy could be a concern. Although many pregnant 
women have been treated with single exposures to HBOT 
(e.g., for CO poisoning), we are not aware of any subse-
quent occurrence of retrolental fibroplasia in the child. 
Pregnancy is not a contraindication to HBOT for appro-
priate acute indications (e.g., CO poisoning60,62,64,145,146) 
because the risk to the fetus of the underlying condition 
exceeds that of the treatment.

INERT GAS UPTAKE

Breathing air at high ambient pressure can result in 
nitrogen narcosis, a dose-dependent decrement in cere-
bral performance secondary to the anesthetic proper-
ties of nitrogen. This mostly occurs at ambient pressures 
exceeding 4 ATA, a treatment pressure that is used only 
for severe AGE or DCS. Nitrogen uptake can also theo-
retically result in DCS during or after decompression (see 
earlier). However, chamber decompression schedules are 
so conservative that this rarely occurs (most hyperbaric 
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facilities use U.S. Navy compressed air decompression Although pneumothorax should diminish in size and 

TABLE 91-5 RESTING BLOOD GAS AND HEART RATE VALUES IN NORMAL VOLUNTEERS EXPOSED TO 
VARIOUS ALTITUDES IN A HYPOBARIC CHAMBER OR ON MOUNT EVEREST (MEAN ± SD)

Altitude (ft)
Pbar  
(mm Hg)

PaO2  
(mm Hg) Sao2 (%)

Paco2  
(mm Hg) pH

HR  
(beats/min)

Ventilation  
(L/min) Source

0 750 99±9 99±1 34±4 7.43±.03 78±15 11.0±3.0 *

5,000 632 78±8 94±4 33±3 7.42±.04 92±16 12.3±2.1 *

10,000 523 57±6 89±4 33±4 7.42±.03 95±13 11.4±2.5 *

15,000 429 41±7 78±8 29±4 7.47±.03 104±16 13.4±3.0 *

20,000 347 41±2 76±2 20±1 7.50±.02 85±14 20.9±6.3 †

25,000 282 37±1 68±2 13±1 7.53±.01 94±15 36.6±7.9 †

27,559 272 25±5 54±18 13±2 7.53±.06 ‡

29,000 240 30±1 58±1 11±1 7.57±.02 101±14 42.3±7.7 †

Paco2, Arterial partial pressure of carbon dioxide; Pao2, arterial partial pressure of oxygen; Sao2, arterial oxygen saturation.
*Duke University, hypobaric chamber, unacclimatized.180,358

†Operation Everest II: hypobaric chamber, acclimatized.189

‡Mt Everest field study, acclimatized.359
tables147). Additional safety can be provided by requiring 
the patient to breathe 100% O2 for a period immediately 
before and during decompression (Table 91-5). Rare epi-
sodes of DCS in hyperbaric tenders are usually minor, 
generally consisting of mild joint pain. Nitrogen narco-
sis and DCS could occur only in tenders in a multiplace 
hyperbaric chamber; patients breathe 100% O2 and are 
therefore not susceptible.

BAROTRAUMA

As the ambient pressure is altered, the pressure within gas- 
containing spaces in the body must equilibrate with the 
ambient pressure or undergo a change in volume. Vol-
ume change can easily occur in compliant compartments 
such as the gastrointestinal tract, but if the free flow of 
gas into and out of containing spaces surrounded by a 
rigid shell (e.g., the lung, paranasal sinuses, and middle 
ear) is impeded, then tissue disruption and hemorrhage 
can occur. Indeed, the most common side effect of hyper-
baric chamber use for patients is difficulty with middle 
ear pressure equilibration.148 In awake patients, equilibra-
tion may be accomplished using several techniques, such 
as performing intermittent Valsalva maneuvers, swallow-
ing while the nose is pinched, thrusting the jaw forward, 
or simply swallowing intermittently during compres-
sion. Patients with prior irradiation of the head and 
neck and acute respiratory tract infections are at particu-
lar risk. Equilibration may be facilitated by application 
of a topical nasal vasoconstrictor (e.g., oxymetazoline 
0.05%, [Afrin]). For patients who cannot equalize despite 
these measures or for obtunded or tracheally intubated 
patients, myringotomy or tympanostomy tubes may be 
required. Theoretically, HBOT hyperbaric exposure in a 
patient with obstructed eustachian tubes could cause lab-
yrinthine window rupture, but this complication has not 
been reported during HBOT.

Pulmonary barotrauma is most likely during decompres-
sion. Areas of regional hypoventilation could lead to pul-
monary overpressurization and alveolar rupture, causing 
pneumothorax, pneumomediastinum, or AGE.149,150 Pul-
monary barotrauma during HBOT is extremely rare, proba-
bly because of the slow decompression rates typically used.
resorb more quickly after compression, continuing leak-
age of air from the lung could result in tension pneumo-
thorax during decompression.149 Pneumothorax detected 
before HBOT is usually treated by insertion of a chest tube 
and water seal or Heimlich-type valve (in this instance, 
before monoplace chamber treatment, a chest tube should 
always be inserted) (see Chapters 66 and 81). Caution must 
be exercised when using certain commercially available 
pleural suction regulators, which can exert high negative 
pleural pressures during chamber compression.151 Such 
excessive suction can be relieved by an attendant inside 
a multiplace chamber by activating the manual pressure 
relief valve on the chest drainage unit.

Despite these potential adverse effects of HBOT, major 
complications are extremely rare.148

PRACTICAL ASPECTS OF HYPERBARIC 
THERAPY

PATIENT MONITORING

Despite the changes in the acoustic properties of com-
pressed air, blood pressure measurement may be 
performed without difficulty with a standard sphygmo-
manometer and stethoscope (see also Chapter 44). Aner-
oid pressure gauges are preferred to mercury to avoid 
contamination of the closed environment. Monitoring 
of the electrocardiogram and of intravascular pressures 
requires that transducer cables be plumbed through 
the chamber wall to preamplifiers outside the chamber. 
Standard intensive care monitors can be used to provide 
simultaneous measurement of arterial and pulmonary 
artery pressures and intermittent measurement of car-
diac output by thermodilution. If pressure bags are used 
to drive continuous flow systems, they must be repres-
surized during compression and vented before or during 
decompression. Pulmonary artery catheter balloon ports 
should also be left open to the chamber during compres-
sion and decompression.

Defibrillation could generate a fire if sparking occurs 
or combustible materials are present in the vicinity of 
the paddles (see also Chapter 109). Sparking and heat 
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generation can be minimized by using a low-resistivity 
conductive gel between the electrodes and the skin152 
or preapplied conductive disposable pads.153 To avoid 
pressure-related malfunction of the device, the defibril-
lator can remain outside the chamber and connected to 
the patient by through-hull high-voltage wiring. Despite 
the fear of causing fire, defibrillation has been performed 
in multiplace chambers numerous times without arcing, 
fire, or explosion.154,155 Defibrillation cannot be safely 
performed inside a monoplace chamber compressed with 
O2.

INTRAVENOUS FLUID ADMINISTRATION

In multiplace chambers, the air volume within the drip 
chamber shrinks during the compression phase of the 
HBOT and expands during decompression (which could 
force air into the intravenous line) (see also Chapter 59). 
Most intravenous infusion pumps work well inside a 
hyperbaric chamber at pressure (although electrical safety 
issues exist; see later). Glass bottles are best excluded from 
the chamber because of the possibility of explosive rup-
ture during decompression.

Administration of fluids to patients inside a pressur-
ized monoplace chamber requires an infusion pump 
capable of withstanding the pressure differential (up to 3 
ATA or 1500 mm Hg pressure gradient across the cham-
ber wall). Check valves can prevent unintended backflow 
of blood from the patient in the event of disconnection 
of the pump. Rigid arterial pressure transducer tubing 
helps to prevent kinking while the patient is inside the 
chamber.

ANALYSIS OF ARTERIAL BLOOD GASES  
AND VENTILATOR MANAGEMENT

Analysis of arterial blood gases from a patient inside a 
hyperbaric chamber can be erroneous (see also Chap-
ters 63 and 103), for two reasons. At 1 ATA, O2 tensions 
that exceed the ambient pressure are supersaturated; O2 
rapidly diffuses out of the blood, thus lowering its ten-
sion. An additional error (extrapolation error) results 
from the impossibility of accurate PO2 electrode calibra-
tion at PO2 values exceeding approximately 700 mm Hg. 
Blood gas tension measurement should therefore ideally 
be performed inside the hyperbaric chamber by using an 
appropriately calibrated analyzer. If such a capability is 
not available, rapid analysis at 1 ATA of decompressed 
samples can produce acceptably accurate values.156

Another approach is to estimate the hyperbaric PaO2 
based on measurements obtained at 1 ATA. Using a mea-
sured PaO2 and PAO2, the ratio of the two (PaO2/PAO2, or 
a/A ratio) is a constant.9,157 On this basis, 1 ATA arterial 
blood gas values and the following equations can be used 
to predict PaO2 at pressure.

The alveolar gas equation is required to calculate PaO2:

PAO2 = (Pb − PH2O) · FiO2 − PaCO2 ·
(

FiO2 + 1 − FiO2

R

)

where Pb and Ph2o are, respectively, ambient and saturated 
water vapor pressures, and R is the respiratory exchange 
ratio. If FiO2 = 0.2, R = 0.8, and body temperature = 37 ° C , 
then this equation can be simplified to

PAO2 = (Pb − 47) · 0.2 − 1.2 · PCO2

Having calculated PAO2 and measured PaO2, the a/A 
ratio can then be obtained at 1 ATA. The predicted PaO2 
at increased ambient pressure while breathing 100% O2 
may then be obtained from this next equation:

PaO2(pred) = a/A · [(760 · ATA − 47) − PaCO2]

where ATA is the chamber pressure in atmospheres abso-
lute. Although as yet no dose-response curves for HBOT 
are available, a reasonable aim is to achieve PaO2 greater 
than or equal to 1000 mm Hg for routine long-term ther-
apy and to as high a level as possible for treatment of 
acute necrotizing infections (Fig. 91-11).

A better monitor of tissue oxygenation may be mixed 
venous PO2 (Pvo2), which, in the absence of left-to-right 
shunt, may be a reasonably accurate estimate of mean tis-
sue PO2.158 Thus, a low value may indicate inadequate 
tissue oxygenation despite HBOT, as a result of insuffi-
ciently high cardiac output.

Normal values for pH and Pco2 under resting clinical 
hyperbaric conditions are the same as they are at 1 ATA.14 
Pco2 and hence pH do not change significantly in blood 
samples that are decompressed.
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Figure 91-11. Measured versus predicted partial arterial pressure of 
oxygen (PaO2) at increased ambient pressure. Predicted PaO2 is cal-
culated from room air arterial blood gases, assuming that the arterial- 
alveolar PO2 ratio (PaO2/PAO2, or a/A ratio) is a constant. Data are 
shown both for persons with normal lungs (a/A ratio ≥ 0.75) and for 
patients with gas exchange abnormalities (a/A ratio < 0.75). It is evident 
that PaO2 predicted in this way is close to the actual measured PaO2. 
(From Moon RE, Camporesi EM, Shelton DL: Prediction of arterial PO2 dur-
ing hyperbaric treatment. In Bove AA, Bachrach AJ, Greenbaum LJ Jr, edi-
tors: Underwater and hyperbaric physiology IX. Proceedings of the ninth 
international symposium on underwater and hyperbaric physiology, 
Bethesda, Md, 1987, Undersea and Hyperbaric Medical Society, p 1127.)
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Mechanical ventilation in a hyperbaric environment 
presents a variety of challenges (see also Chapter 103). 
The ideal requirements for ventilation include small size, 
no electrical requirement, absence of flammable lubri-
cants, ability to operate on a volume-cycled basis over a 
wide range of tidal volumes and respiratory rates, mini-
mal modification requirement for installation, and abil-
ity to provide positive end-expiratory pressure, as well as 
to ventilate in intermittent mandatory ventilation and 
assist/control modes.159 Additionally, the ideal gas source 
to actuate the ventilator should minimize the risk of com-
bustion caused by buildup of static electricity.

As ambient pressure increases, gas density is pro-
portionately increased, whereas relatively little change 
occurs in gas viscosity. Therefore, in regions of turbulent 
flow (i.e., in the large airways) airway resistance increases. 
Measurements of respiratory conductance (the reciprocal 
of resistance) during tidal breathing160 indicate that it var-
ies with gas density according to the following formula:

 G = G0ρk
 

where G is lung conductance at gas density ρ, G0 is the 
conductance at gas density 1.1 g/L (1 ATA), and κ is a con-
stant that was found to have a mean value of −0.39. At 6 
ATA, this equation predicts that lung conductance would 
decrease by 50%, which is equivalent to a doubling of 
pulmonary resistance. In addition, the higher gas density 
results in a less efficient distribution of ventilation, mani-
fested by an increase in physiologic dead space.161 The 
effects of these two phenomena include higher airway 
pressures during mechanical ventilation and an increased 
ventilatory requirement. If ventilator settings are not 
adjusted to compensate for the higher dead space, a rise 
in Paco2 will occur.

Several types of ventilators have been used and tested 
in hyperbaric chambers (see also Chapter 103). Pressure-
cycled devices have been used with some success because 
their compactness admirably fulfills the requirement for 
small size. However, continual adjustment of rate and 
cycling pressure is necessary with changes in ambient pres-
sure. Volume-cycled ventilators seem to work well,159,162 
although at increased pressure some changes in rate may 
occur.

Two specific safety considerations exist. First, in any 
ventilator delivering enriched O2, a possible fire hazard 
can result from O2 buildup within the ventilator case or 
leakage of O2 into the chamber. This hazard can often 
be offset by minor alterations (e.g., for a pneumatic ven-
tilator, using air instead of O2 to drive the bellows).159 
The risk of ignition can be substantially mitigated by 
purging the device with an inert gas such as 100% nitro-
gen (see later). Air-filled endotracheal tube cuffs tend to 
lose volume during compression and reexpand during 
decompression. Appropriate cuff inflation volume can be 
maintained either by manually adjusting the air pressure 
within the cuff during compression and decompression 
or by filling the cuff with water.

ATMOSPHERE CONTROL

Chamber atmosphere safety includes management of lev-
els of O2, CO2, and trace gases. In a multiplace chamber, 
e Environments: At High and Low Pressure and in Space 2689

the patient must breathe as high a concentration of O2 as 
possible (usually 98% or greater) while maintaining the 
chamber O2 concentration close to 21% to minimize fire 
hazard. In some hyperbaric units, head tent O2 concentra-
tion is routinely monitored. In others, the concentration 
is assumed to be high because of a high rate of O2 flow 
through the head tent. Leakage of O2 from head tents, 
masks, and ventilators tends to raise the chamber O2 con-
centration. Typically an upper limit of approximately 
23% is used as a criterion for ventilating the chamber 
with air or small volumes of 100% nitrogen until the O2 
concentration decreases.

Significant increases of inspired CO2 concentration 
increase the risk of CNS O2 toxicity. Therefore, a typi-
cal standard for the upper limit for head tent CO2 is 1% 
“surface equivalent” CO2, equal to a partial pressure of 
7.6 mm Hg. Using a nonscrubbing (open-circuit) system, 
head tent O2 flow rates of 40 to 60 L/minute (measured at 
chamber pressure) are usually adequate to keep CO2 levels 
at such a level. Chamber CO2 is usually limited to less 
than 0.5% “surface equivalent” (3.8 mm Hg).

Trace gases that may enter the environment include 
CO and hydrocarbons from improperly functioning com-
pressors or from automobile exhaust that may be near the 
compressor air intake. Volatile gases such as alcohol vapor 
from skin disinfectant solutions and mercury vapor from 
spillage of sphygmomanometer columns may also pollute 
the atmosphere. Trace gas concentrations that are innocu-
ous at atmospheric pressure can be toxic under hyperbaric 
conditions because their pharmacologic or toxic effects 
are related to partial pressure. Mercury in any form should 
be excluded from hyperbaric chambers because spillage 
can cause acute toxicity in chamber occupants.

Considerations of battery use may have implications 
for chamber atmosphere control, as well as fire haz-
ards. All batteries release small quantities of hydrogen, 
although not usually in amounts that would be hazard-
ous. Lithium–sulfur dioxide batteries carry a theoretic risk 
of sulfur dioxide discharge. Similarly, an objection exists 
to the use of mercury cells (now banned in the United 
States). Alkaline cells are considered safe, although tem-
porary failure has been observed at extremely high ambi-
ent pressures (40 to 60 ATA).

FIRE HAZARDS

Although fires in hyperbaric chambers are rare, they are 
usually lethal. The effects of fire at elevated ambient pres-
sure are so devastating, and the fire occurs so fast, that fire 
extinguisher systems may not be effective (see Chapter 88). 
The very real risk of fire in hyperbaric chambers has been 
illustrated by accidents in which chamber fires were started 
by a hand warmer, a sparking toy, and other sources of 
ignition carried into the chamber in the patient’s clothing. 
Minimization of these risks involves the following:

Control of chamber O2 concentrations (irrelevant in a 
monoplace chamber)

Minimizing the use of combustible materials within the 
chamber

Controlling sources of heat and spark
Having a chamber fire extinguisher system
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The geometric increase in burning rate with increases 
in O2 concentrations mandates careful monitoring of 
chamber O2, as already noted. At increased ambient pres-
sure, burning occurs more rapidly, even when O2 con-
centration is 21%. Cotton garments are recommended 
because of their reduced risk of static electricity. Elimina-
tion of hair grease and humidification of the O2 within 
the head tent can reduce the risk of hair ignition. Hydro-
carbon lubricants (e.g., for stretcher wheels) can sponta-
neously ignite on contact with aluminum in the presence 
of high O2 tensions and should therefore be replaced with 
nonflammable fluorocarbon lubricants.

Sources of sparks from electrically powered equipment 
should be minimized. Cigarette lighters, matches, and 
other sources of ignition should be excluded from the 
chamber. Plugging and unplugging electrical cables dur-
ing hyperbaric treatments comprise a source of sparking 
that can be eliminated by taping all electrical plugs onto 
receptacles before compression. In multiplace chambers, 
the flammability of electrically powered devices (e.g., 
intravenous controllers) can be reduced by purging with 
100% nitrogen through ports drilled in the covering, at 
a rate sufficient to keep O2 concentration at a level that 
does not support combustion (typically at a flow rate of 
two to three times the internal volume per minute). Elec-
trical systems used in monoplace chambers must comply 
with specific codes, which specify the types of switches, 
grounding, and insulation that can be used.123

Volatile anesthetics can be combustible at 1 ATA in 
high concentrations. However, isoflurane and sevoflurane 
Dräger vaporizers (Drägerwerk AG, Lubeck, Germany) 
have been tested up to 3 ATA using 100% O2, with no evi-
dence of spontaneous combustion at room temperature. 
Given the experience with halothane under hyperbaric 
conditions, without any reported fires, and the resistance 
to combustion in 100% O2 at 1 ATA, in the absence of a 
source of ignition it is unlikely that any of the modern 
fluorinated anesthetics pose a fire safety hazard in the 
hyperbaric environment.

EVALUATION OF A PATIENT FOR SAFETY OF 
HYPERBARIC OXYGEN TREATMENT

In addition to ensuring that HBOT is indicated for the 
disease process in question, it is important to assess the 
patient in terms of general effectiveness and safety of 
HBOT. The following issues are pertinent:

Whether a sufficient elevation in PaO2 can be obtained
Whether the patient can equilibrate middle ear pressure
Optimization of reversible obstructive lung disease and 

the presence of pulmonary bullae or blebs
Whether the patient is susceptible to claustrophobia
  

The calculation of predicted PaO2 in the hyperbaric 
chamber was described previously. For example, a patient 
who has sufficient lung disease or injury that PaO2 during 
treatment would not exceed 1000 mm Hg would proba-
bly obtain marginal benefit from HBOT unless the reason 
for HBOT is gas bubble disease.

The ability to vent the middle ears may be assessed 
before treatment by observing the tympanic membrane 
directly with an otoscope while the patient holds his or 
her nose or performs a Valsalva maneuver. Movement 
of the eardrums indicates a patent eustachian tube and 
the ability to equilibrate middle ear pressure. If otic baro-
trauma is unlikely to be avoided (e.g., with mental obtun-
dation or the presence of an endotracheal tube) or because 
of a condition that may render the patient susceptible to 
inner ear injury (e.g., stapedectomy), myringotomy or 
tube placement can be performed before HBOT. The pres-
ence of pulmonary bullae or blebs represents a relative 
contraindication to HBOT because of the possibility of 
barotrauma, although a large clinical experience suggests 
that the risk is extremely low.

For patients requiring more than 20 to 30 HBOT ses-
sions, periodic checks of visual acuity may be useful to 
assess hyperbaric myopia.

Because most hyperbaric chamber systems are small 
and cramped, patients who cannot tolerate enclosed 
spaces may require anxiolytic therapy to facilitate tolera-
tion of the HBOT.

DELIVERY OF ANESTHESIA AT INCREASED 
AMBIENT PRESSURE

A review of the problems of anesthesia under HBOT was 
published as a report to a committee of the American 
Society of Anesthesiologists.163 This report explored vari-
ous issues, including the potential for nitrous oxide to be 
used as a sole anesthetic.

Anesthesia while breathing spontaneously in a 100% 
O2 atmosphere at 3 ATA was reported in the 1950s for 
radiation therapy.164 The tracheas of patients were intu-
bated after administration of pentobarbital 250 to 750 
mg and meperidine 100 mg; some patients also received 
chlorpromazine 50 mg. Intubation of the trachea was 
performed after succinylcholine and topical anesthesia of 
the airway. Patients breathed spontaneously.

Anesthesia may be required as a procedure incidental 
to the hyperbaric exposure. Ross and associates discussed 
the challenges of anesthesia up to 35 ATA, to provide 
care for injured divers while in a saturation diving sys-
tem (e.g., in North Sea oil fields).165 These investigators 
suggested intravenous instead of inhaled general anes-
thesia because of the problems of pollution of the cham-
ber environment. Regional anesthesia was recommended 
whenever possible. Neuromuscular blocking drugs should 
be titrated to effect because some degree of pressure rever-
sal of the block can occur at approximately 10 ATA.

Since the 1960s, anesthesia has been performed at 
increased ambient pressure using a variety of drugs for 
carotid endarterectomy,166 cesarean section,167 thera-
peutic lung lavage for patients with alveolar proteino-
sis,104,105 emergency surgery in a saturation dive,168 open 
heart surgery,169 and enhancement of the effectiveness of 
irradiation of carcinoma.170

Inhaled Anesthesia
Inhaled anesthesia of any type can pollute the enclosed 
chamber atmosphere with anesthetic gases, which may 
exert pharmacologic effects on medical personnel inside 
the chamber, particularly at high ambient pressures. Rus-
sell and colleagues reported nitrous oxide concentrations 
in chamber air of 2500 ppm; ventilation of the chamber 
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Figure 91-12. Performance of an anesthetic 
vaporizer system at increased ambient pressure. 
A, Flow characteristics of a rotameter system 
are shown. At 4 ATA, the actual delivered flow 
is less than 60% of the flow indicated by the 
rotameter. B, Fluotec vaporizer output in par-
tial pressure of halothane as a function of ambi-
ent pressure. Only small increases in delivered 
partial pressure are evident at 3 ATA, at the 2% 
and 3% settings. (From Committee on Hyper-
baric Oxygenation: Fundamentals of hyperbaric 
medicine, publication no. 1298, Washington, 
DC, 1966, National Academy Press.)Pressure (ATA)Indicated flow (L/min)
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with air at a high rate (3500 L/minute of air) was required 
to reduce the concentration to 25 to 75 ppm.171

Nitrous oxide. The increased ambient pressure in a 
hyperbaric chamber allows nitrous oxide to be used at 
partial pressures exceeding its MAC.171-173 Although in 
both studies induction of anesthesia by nitrous oxide was 
rapid (<60 seconds), it was accompanied by tachypnea, 
tachycardia, hypertension, diaphoresis, muscle rigidity, 
catatonic jerking of the extremities, eye opening, and 
opisthotonus. After 2 to 4 hours of anesthesia, most sub-
jects emerged rapidly from the anesthetic; however, the 
majority subsequently experienced nausea and vomiting, 
which was often severe (see also Chapter 97).

A potential problem associated with nitrous oxide 
anesthesia at high ambient pressures is the possibility that 
tissues could become supersaturated during decompres-
sion, thus allowing nitrous oxide bubbles to form dur-
ing decompression. This complication was not observed 
by Russell and colleagues,171 who used an empiric staged 
decompression schedule with a decompression stop for 
30 minutes at 1.3 ATA while patients breathed 100% 
O2. Bubble formation can occur without decompression 
if the patient breathes one gas while surrounded by an 
atmosphere of another gas that is more diffusible. For 
example, breathing air while in a helium-O2 environment 
at 5 to 7 ATA can lead to urticaria and vestibular dys-
function.174 The reason is rapid diffusion of helium into 
tissues that causes local inert gas pressure to exceed ambi-
ent pressure (isobaric gas counterdiffusion). This phe-
nomenon can occur even at normal atmospheric pressure 
if a person breathes nitrous oxide–O2 while surrounded 
by helium.175 Therefore, nitrous oxide should never be 
administered in a helium-O2 atmosphere.

Another risk of hyperbaric nitrous oxide is the dilutional 
effect of large volumes of dissolved gas entering the lungs 
during decompression, causing dilutional hypoxia. This situ-
ation can be prevented by administration of an O2-enriched 
breathing mix for several minutes before decompression.

In patients who have recently engaged in scuba diving 
or have suffered DCS, nitrous oxide should be avoided, 
even at 1 ATA, because its administration may result in 
tissue or blood bubble growth and recrudescence of pain 
or neurologic symptoms. Neurologic symptoms can occur 
after nitrous oxide anesthesia and apparent spontaneous 
resolution of DCS.176

HalogeNated aNestHetics. The effect of a volatile anes-
thetic agent on a patient is proportional not to the 
alveolar concentration but to the partial pressure of the 
anesthetic. For example, the effect of 1% halothane at 1 
ATA (with a partial pressure of 7.6 mm Hg) is equivalent 
to a 0.5% concentration at 2 ATA (with the same partial 
pressure). The anesthetic concentration of an anesthetic-
specific calibrated vaporizer varies with ambient pres-
sure, but in a manner such that delivered partial pressure 
remains constant (Fig. 91-12). Because of the effect of 
increased gas density on this flow ratio, in practice the 
delivered partial pressure depends somewhat on ambi-
ent pressure. A slightly increased partial pressure of halo-
thane delivered by a Fluotec vaporizer at 3 ATA has been 
observed (see Fig. 91-12).163 Our testing of a sevoflurane 
vaporizer revealed delivery of a constant partial pressure 
of anesthetic up to the maximum tested ambient pres-
sure: 3 ATA.

Rotameter flowmeters calibrated at 1 ATA will indicate 
falsely high values at increased ambient pressure because 
of the increased gas density. McDowell reported the fol-
lowing relationship for rotameter flow177:

Flowactual = Flowread ·
√

ρ1

ρp

where Flowactual and Flowread are the actual and scale read-
ing flows, and ρ1 and ρP are the gas densities at 1 ATA and 
P ATA, respectively. This inaccuracy in rotameter perfor-
mance up to 4 ATA has been confirmed by other investi-
gators (see Fig. 91-12).163

Intravenous Anesthesia
Intravenous anesthetics behave similarly and are unlikely 
to be affected within the usual clinical range of ambient 
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pressure (see Chapter 30). No alteration in the pharmaco-
kinetics of either meperidine31 or pentobarbital32 is evi-
dent at ambient pressures up to 6 ATA. For therapeutic 
lung lavage, we have provided general anesthesia at ambi-
ent pressures up to 3 ATA by using conventional doses of 
ketamine and benzodiazepines or propofol and narcotics 
with nondepolarizing muscle relaxants.

Regional Anesthesia
Regional anesthesia is likely to be both safe and effective 
in a hyperbaric environment by avoiding the requirement 
for mechanical ventilation (see Chapters 56 and 57).  
A bowel resection was performed at an ambient pressure 
6.75 ATA in a helium-O2 environment by using local 
injection of lidocaine supplemented with parenteral 
meperidine.168 Extreme care should be taken to ensure 
sterile technique because of the propensity for enhanced 
bacterial growth in the warm, humidified environment 
of a hyperbaric chamber, particularly during saturation 
chamber exposures.

EFFECTS OF ALTITUDE

Approximately 140 million people worldwide live perma-
nently at altitudes greater than 2500 m,178 and possibly 
equal numbers of people visit high altitudes each year, 
many of whom will require medical care. Therefore, a 
need clearly exists for anesthesia and critical care practi-
tioners to understand the physiology of this environment.

Unlike the relationship between ambient pressure and 
water depth, the relationship between pressure and alti-
tude is nonlinear (see Fig. 91-2). The physiologic effects 
of altitude exposure are mainly attributable to reduction 
in the following three variables: inspired PO2, ambient 
pressure, and gas density. Extreme or prolonged alti-
tude exposure may be accompanied by additional fac-
tors, which may modulate physiologic responses, such as 
hypothermia, exertion, dehydration, sunburn, and poly-
cythemia. Pregnant women and individuals with hypoxic 
conditions such as cerebrovascular disease, congenital 
heart defects, coronary artery disease, and hypoxic lung 
disease may carry additional risks that require medical 
evaluation.179

HYPOXIA

Physiologic Changes
The major reason for hypoxemia at high altitude is the 
reduction in inspired PO2, augmented by the failure of 
erythrocytes in the pulmonary circulation to equilibrate 
fully with alveolar gas (diffusion nonequilibrium)180 and 
increased ventilation-perfusion V̇A/Q̇  mismatch.181

The acute blood gas and heart rate responses to acute 
hypoxia are shown in Tables 91-3 and 91-5. Heart rate 
and cardiac output are increased.182 Systemic vascular 
resistance is decreased, and pulmonary vascular pres-
sure is increased.183 A corresponding increase occurs in 
organ blood flow, including cerebral blood flow. Hypoxia 
also induces hyperpnea (from increased breathing rate) 
to a degree that varies considerably among individuals. 
End-tidal Pco2 measured in one subject breathing air at the 
summit of Mt. Everest (barometric pressure 263 mm Hg) 
was 7.5 mm Hg, whereas PAO2 was 37.6 mm Hg.184 Arterial 
blood was obtained near the summit in a later expedition 
(Fig. 91-13). This hypocapnia has several effects. It results 
in an increased affinity of Hb for O2 (leftward shift of the 
Hb-O2 dissociation curve), which enhances oxygenation 
of blood at the lung while simultaneously interfering with 
transport of O2 from tissue capillary to mitochondrion. 
The overall effect on O2 transport is beneficial.185

Hypoxemia may be particularly accentuated during 
sleep. Figure 91-14 depicts continuous pulse oximetry 
during transition from sleep to wakefulness at a simulated 
altitude of 4572 m in a hypobaric chamber, thus dem-
onstrating periodic breathing and cyclic oscillation of 
saturation of peripheral oxygen (SpO2). Individuals with 
moderate obstructive sleep apnea at 1 ATA are at risk of 
severe central sleep apnea at high altitude.186

Acute exposure to altitudes in the range of 4000 to 5000 
m causes a decrease in arterial PaO2 to approximately 40 
mm Hg and in arterial Hb-O2 saturation to approximately 
75%. Acute exposure to mild hypoxia appears to have only 
minor effects on CNS function. Crow and Kelman found 
no decrement on free recall and visual scanning when nor-
mal subjects were exposed to a simulated altitude of 3658 
m (inspired PO2 92 mm Hg).187 Severe hypoxia can cause 
encephalopathy and loss of consciousness. A measure of 
this phenomenon is the effective performance time (EPT), 
defined as the amount of time the individual is able to per-
form useful flying duties.188 At 5500 m altitude, the EPT is 
20 to 30 minutes, which is reduced to 2.5 to 3 minutes at 
8500 m and to 1 to 2 minutes at 9100 m.

Gradual exposure to high altitude or long-term expo-
sure results in a series of adaptive changes that allow 
individuals to function extremely well and do substantial 
physical work at altitudes at which newcomers can barely 
function. For instance, Mt. Everest has been climbed by 
adapted individuals without the benefit of supplemental 
O2, whereas acute exposure to such an altitude would 
result in rapid loss of consciousness. Subjects exposed 
to a progressively lower barometric pressure, reaching 

Figure 91-13. Obtaining blood gas sample from the femoral artery 
at 6400 m (barometric pressure 350 mm Hg) during the Caudwell 
Xtreme Everest field expedition. Measured values have been reported 
by Grocott.359 (Photograph courtesy Caudwell Xtreme Everest.)
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Figure 91-14. Pulse oximetry and 
breathing pattern (spikes at bottom 
represent exhalations) are shown in 
this subject in a hypobaric chamber 
at a simulated altitude of 4572 m. 
During sleep, periodic breathing 
and oscillatory alterations in satu-
ration of peripheral oxygen (SpO2) 
change after waking up to a more 
regular breathing pattern and a 
steady SpO2.
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to simulated altitude of 8848 m in a hypobaric cham-
ber over the course of 40 days, were able to work on an 
exercise ergometer at 120 W while their mean PaO2 was 
only 30 mm Hg (arterial Hb-O2 saturation 58%).189 In the 
same study, blood Hb concentration increased from 13.5 
to 17.0 g/dL (hematocrit increased from 40.4% to 51.9%). 
The development of polycythemia may be one of many 
mechanisms by which tolerance to hypoxia occurs. How-
ever, the mechanisms of adaptation are still incompletely 
understood.

One of the adaptive mechanisms is a gradual reduction 
in plasma bicarbonate,189 preceded by a decrease in cere-
brospinal fluid (CSF) bicarbonate,190 which tends to offset 
the initial respiratory alkalosis. After a 40-day simulated 
“climb” of Mt. Everest in a hypobaric chamber, resting 
serum bicarbonate had decreased from 22.2 to 9.9 mM; 
pH had increased from 7.43 to 7.56.189 Other adaptive 
changes include increases in hematocrit and capillary 
density, as well as undoubtedly other mechanisms as yet 
undiscovered.

Despite the adaptive mechanisms, careful neuropsy-
chological testing of subjects before and after moun-
taineering expeditions to extreme altitudes of 7000 m 
or greater have shown evidence of mild persistent per-
formance impairment.191,192 Such neuropsychological 
impairment after prolonged extreme altitude exposure is 
correlated with a brisk hypoxic ventilatory response,191 
possibly resulting from enhanced cerebral vasoconstric-
tion and reduced brain O2 delivery.

Effect of Maternal Hypoxia on the Fetus
Data on the fetal effects of maternal hypoxia are sparse 
(see Chapter 77). However, using changes in fetal heart 
rate (FHR) as an end point, the fetus is relatively resistant 
to moderate degrees of maternal hypoxia. Administra-
tion of 15% O2 (inspired PO2 = 108 mm Hg, equivalent to 
2500 m altitude) for 4 minutes to five primigravid women 
at 36 to 38 weeks of gestation resulted in an increase in 
FHR of only 2 to 3 beats per minute.193 The same inves-
tigator observed no change in FHR after administration 
of mixtures as low as 10% O2 (inspired PO2 = 71 mm Hg, 
equivalent to 5300 m altitude) for 20 minutes in 8 of 28 
pregnant women. Administration of 10% O2 for 10 min-
utes to pregnant women at 35 to 41 weeks of gestation 
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ad no significant effect on FHR, heart rate variability, or 
oppler velocimetry in the umbilical and middle cerebral 
rteries of the fetus.194 Acute hypoxia of this magnitude 
ppears to exert no detectable effects on the healthy fetus 
ecause of augmentation of uterine blood flow; thus, it 
 unlikely that acute exposure to altitudes up to 2500 to 
000 m would have any adverse fetal effects.

Additional adaptations to long-term altitude exposure 
ecific to pregnant women include an increase in placen-
l capillary volume and a reduction in villous membrane 
ickness.195 Infants born at high altitude, even as high 

s 4329 m, have scalp vein O2 tensions similar to values 
btained from infants born at sea level.196 Consequently, 
 significant reduction in maternal O2 delivery can be tol-
rated without any impact on fetal O2 consumption.

fants Born at High Altitude
s with adults, SpO2 decreases with increasing altitude, 
ut it also depends on activity (lower during sleep), post-
atal age (Fig. 91-15), and race197 (see also Chapter 77). 
erinatal hypoxia appears to predispose to a blunted 
ypoxic ventilatory drive in adulthood.198

At sea level, pulmonary artery pressure decreases to 
ormal levels within 24 hours after birth, whereas at 
igh altitude, pulmonary artery pressure often remains 
levated for several weeks or throughout infancy.197 
 a series of 35 consecutive infants born at term in 

eadville, Colorado (altitude 3179 m), during the first 
 months of life 17% experienced elevated pulmonary 
rtery pressure or respiratory distress requiring supple-
ental O2 or mechanical ventilation, or both.197 In 
fants born at high altitude, the transition to adult cir-

ulation occurs more slowly, with increased frequency 
f patent foramen ovale and patent ductus arterio-
s.199 Patent foramen ovale was present at 6 months 
 7 of 16 infants studied after birth in La Paz, Bolivia 
ltitude 3700 to 4000 m).200 Acute hypoxia after birth 
5% O2 administration) in preterm infants paradoxi-

ally produced hypoventilation, periodic breathing, and 
pnea.201 Infants with trisomy-21 (Down syndrome) 
re at increased risk of high-altitude pulmonary edema 

APE; see later).199 Perinatal pulmonary hypertension 
ems to predispose to exaggerated hypoxic pulmonary 

asoconstriction in adulthood.202
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Figure 91-15. Pulse oximetry in 
infants born at various altitudes. 
In infants born in Lhasa (altitude 
of 3658 m), Han Chinese children 
have progressive arterial desatura-
tion whereas Tibetan infants, fol-
lowing a slight drop shortly after 
birth, have a stable saturation of 
peripheral oxygen. Sao2, Arterial 
oxygen saturation. (Redrawn from 
Niermeyer S: Cardiopulmonary tran-
sition in the high altitude infant, 
High Alt Med Biol 4:225, 2003.)
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Effects of Altitude on Children
Although SpO2 is lower at higher elevations, children 
who reside at altitudes up to 3000 m generally main-
tain arterial O2 saturation (Sao2) higher than 90%.203 
Normal children who travel to altitudes up to 3500 m 
exhibit changes in cardiorespiratory function similar 
to changes seen in adults.204 Exaggerated hypoxemia at 
high altitude can suggest previously undiagnosed cardio-
respiratory anomalies, such as Pierre-Robin syndrome or 
tracheomalacia-laryngomalacia.199

Altitude Illness
Altitude illness consists of a group of subacute and 
chronic syndromes, the underlying pathophysiology of 
which is triggered by continuous exposure to hypoxia. 
These syndromes are described here. Further information 
can be obtained from detailed reviews.205-208 The Wilder-
ness Medical Society has published guidelines for the pre-
vention and treatment of acute altitude illness.209

acute MouNtaiN sickNess. The most common symptoms 
of acute mountain sickness (AMS) are headache, decreased 
appetite, nausea and vomiting, insomnia, ataxia, and 
peripheral edema.210 AMS can occur after several hours 
of exposure to elevations greater than 2500 to 3000 m, 
although some people are more susceptible and can expe-
rience it at lower altitudes. Approximately 25% of visitors 
to ski resorts in the Rocky Mountains of the United States 
(altitude 1920 to 2960 m) develop AMS.211

Pharmacologic prophylactic measures against AMS in 
mountaineers include slow ascent (≈300 m/day) or “stag-
ing,” in which several days are spent at an intermediate 
altitude of approximately 2000 m.209,210 Pharmacologic 
prophylactic measures include the administration of acet-
azolamide,212 which is believed to work in part by augment-
ing the ventilatory response to hypoxia as a result of the 
ensuing bicarbonate diuresis.213 However, other purported 
mechanisms include tissue respiratory acidosis, improved 
sleep quality from a reduction in periodic breathing (para-
doxically because its inhibition of the carotid body response 
to CO2), and diuresis.214 The effective dose range is 250 to 
750 mg orally daily begun the day before ascent.205,209,215
Although most individuals recover spontaneously 
after several days at high altitude, AMS can be treated 
effectively with O2 and descent. A descent of only 500 
to 1000 m usually leads to resolution of AMS. Simulated 
descent using a portable inflatable hyperbaric chamber 
(Gamow bag or similar) operated by foot pump is also 
effective (Fig. 91-16). Depending on the altitude, infla-
tion of such a chamber to only 2 psi (100 mm Hg) pro-
duces a decrease in equivalent altitude of 1500 to 2000 
m.205 AMS also responds to dexamethasone in a dosage 
of 4 mg every 6 hours, although symptoms may occur as 
soon as it is discontinued.216,217 Ginkgo biloba has also 
been used, with mixed results.218,219 Insomnia associated 
with AMS responds to treatment with acetazolamide. 
Sedative-hypnotic drugs can depress ventilation and exac-
erbate hypoxia and should therefore be used cautiously. 
Both zolpidem (10 mg orally) and zaleplon (10 mg orally) 
improve sleep quality at high altitude, and neither appears 
to depress ventilation in healthy young subjects.220,221

AMS symptoms could conceivably result from hypox-
emia at sea level. The headache associated with obstructive 

Figure 91-16. Portable Altitude Chamber at Everest Base Camp. The 
pressure inside the bag can be raised to 2 psig (approximately 100 
mm Hg) by using a foot pump. This effectively reduces the “altitude” 
for the occupant of the chamber and thus raises the partial pressure 
of oxygen (PO2). These bags can be used to treat altitude illness when 
neither oxygen administration nor true descent is feasible. (Photograph 
courtesy Caudwell Xtreme Everest.)
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sleep apnea and opioid-related headache may be caused 
by a form of “AMS” secondary to hypoxemia caused by 
respiratory depression.

HigH-altitude PulMoNary edeMa. HAPE is much less 
common than AMS but more serious. It occurs in a small 
percentage of unacclimatized, susceptible people within a 
few days of reaching altitude.183 A hemodynamic patho-
physiology for HAPE is suggested by its tendency to occur 
when pulmonary vascular flows or pressures are partic-
ularly high (e.g., in the lung contralateral to unilateral 
absence of the pulmonary artery).222 Measurements in 
patients with HAPE have revealed pulmonary hyperten-
sion, normal pulmonary artery wedge pressures, but ele-
vated pulmonary capillary pressures (assessed using the 
single occlusion method223). Bronchopulmonary lavage 
fluid in subjects with HAPE has a high protein content, 
implicating an increase in permeability or alveolar-capil-
lary disruption.224-226

Prophylaxis against HAPE includes slow ascent. Peo-
ple with known predisposing factors such as unilateral 
absence of the pulmonary artery should avoid high alti-
tudes. For climbers with known HAPE susceptibility, 
prophylactic measures may include nifedipine (20 mg 
slow-release formulation every 8 hours),227 tadalafil (10 
mg twice daily), or dexamethasone (8 mg twice daily).228 
Inhaled salmeterol also appears to be an effective pro-
phylactic agent.229 Whether acetazolamide prevents 
HAPE has not been established by randomized studies; 
however, it is probably at least partly effective based 
on animal studies and its augmentation of PaO2 during 
hypoxia.230

Treatment of HAPE consists of descent or supplemen-
tal O2, or both.205 If descent is impossible or O2 is unavail-
able, pharmacologic reduction in pulmonary artery 
pressure should be initiated. Nifedipine (10 mg sublin-
gually), followed by 20 mg of a slow-release preparation 
administered orally every 6 hours, has been successful 
in HAPE.231 Pulmonary artery pressure can also be low-
ered in patients with HAPE by using hydralazine, phen-
tolamine, or inhaled nitric oxide.231-234 Other suggested 
treatments include agents that could lower pulmonary 
artery pressure (e.g., prostaglandins235 and phosphodies-
terase inhibitors such as sildenafil235) or facilitate alveolar 
fluid clearance (e.g., β2-adrenergic agonists,229 recompres-
sion in a Gamow bag,205 and application of expiratory 
airway pressure236).

HigH-altitude cerebral edeMa. High-altitude cere-
bral edema (HACE), the rarest but most lethal form of 
high-altitude illness, is a clinical diagnosis made when 
a patient with AMS or HAPE has ataxia or altered con-
sciousness.237 Physical findings in patients with HACE 
may include papilledema, retinal hemorrhages, and, 
occasionally, cranial nerve palsies.238 Focal abnormali-
ties in the corpus callosum detected with MRI have 
been reported.239 The pathophysiology of HACE is 
unknown. It has been hypothesized that individuals 
who develop AMS and HACE have a limited capacity to 
accommodate the associated increase in brain volume 
that accompanies the rise in cerebral blood flow during 
hypoxemia.205,240
Treatment of HACE is a medical emergency and ide-
ally should include evacuation or descent and admin-
istration of supplemental O2. Although a reduction in 
altitude of 500 to 1000 m is usually effective for AMS, 
treatment of HACE may require descent to a lower alti-
tude. Use of a Gamow bag may also be effective. Recom-
mended adjunctive treatment includes dexamethasone (8 
mg immediately, then 4 mg every 6 hours). If descent is 
not possible, acetazolamide (250 mg twice daily) may also 
be effective.205

cHroNic MouNtaiN sickNess (MoNge syNdroMe). Chronic 
mountain sickness has been defined as a clinical syn-
drome that occurs in natives or long-time residents at 
altitudes higher than 2500 m. This illness is character-
ized by excessive erythrocytosis (female patients, Hb 
≥19 g/dL; male patients, Hb ≥21 g/dL), severe hypox-
emia, and, in some cases, moderate or severe pulmo-
nary hypertension, which may evolve to cor pulmonale 
leading to congestive heart failure.241 Other manifesta-
tions include headache, dizziness, breathlessness or pal-
pitations, sleep disturbance, fatigue, localized cyanosis, 
burning in the palms of the hands and soles of the feet, 
dilatation of the veins, muscle and joint pain, loss of 
appetite, lack of mental concentration, and alterations 
of memory.241 The diagnosis requires the exclusion of 
other conditions that may produce hypoxemia, such as 
cyanotic heart disease and chronic lung disease. Clinical 
improvement and increased work capacity often result 
from phlebotomy, at least transiently, and descent to 
lower altitudes relieves the symptoms completely. Other 
suggested modalities for treatment of chronic mountain 
sickness include angiotensin-converting enzyme inhibi-
tors, the D2 dopaminergic receptor antagonist domperi-
done, acetazolamide, and the respiratory stimulants 
medroxyprogesterone and almitrine.242 Both nifedipine 
and sildenafil may be effective to reduce pulmonary 
artery pressure.242

REDUCTION IN AMBIENT PRESSURE

Acute ascent to altitude in an aircraft can cause DCS 
resulting from the reduced barometric pressure and 
supersaturation of nitrogen. Although symptoms have 
been reported to occur after rapid ascent in aircraft to 
only 2437 m,243 DCS usually occurs only in aircraft in 
which the cabin altitude is higher than 5000 to 6000 
m,244 which typically occurs only in military planes. 
Exposure to lower altitudes, including the cabin altitude 
of commercial aircraft (2400 m or less) within 12 to 24 
hours after a scuba dive can also precipitate DCS.245 To 
reduce this risk, it is the practice of individuals who are 
planning rapid decompression to low ambient pressure 
(e.g., military pilots, astronauts) to denitrogenate their 
tissues by prebreathing 100% O2 for periods ranging from 
a few minutes to several hours, depending on the altitude 
of the planned exposure. Nevertheless, DCS has been 
described even in pilots following appropriate prebreath-
ing procedures.246,247

A lower ambient pressure implies a reduction in gas 
density, which results in lower breathing resistance. The 
effect of ambient pressure from 0.5 to 5 ATA on airway 
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resistance in normal subjects can be estimated by either 
of the following equations248:

 RP/R0 = 0.57 + 0.44 ⋅ PATA 

or:

 RP/R0 = PATA
0.59

 

where PATA is ambient pressure in ATA, Rp is airway resis-
tance at ambient pressure, and R0 is airway resistance at 1  
ATA. For example, at an ambient pressure of 0.5 ATA 
(5486 m), airway resistance is reduced by approximately 
20%. Under resting conditions, differences in breathing 
pattern during altitude exposure, compared with a similar 
degree of hypoxia at sea level, are minor.249

OTHER ENVIRONMENTAL STRESSES AT 
HIGH ALTITUDE

Individuals at high altitude are subjected to low tem-
perature, wind, and ultraviolet radiation. The effects of 
hypoxia may therefore be compounded by hypother-
mia, dehydration, frostbite, and sunburn. On the basis 
of a seemingly higher incidence of stroke,250 thrombo-
phlebitis, and pulmonary thromboembolism251 at high 
altitude, investigators have suspected that prolonged 
hypoxic exposure may cause a hypercoagulable state.252 
Indeed, rapid exposure to high altitude in a hypobaric 
chamber has been associated with a decrease in partial 
thromboplastin time253 and an increase in prothrombin 
fragments 1 and 2, thrombin-antithrombin complex, and 
factor VIIa activity.254

ANESTHESIA AT HIGH ALTITUDE

General Principles
Because of the reduced ambient PO2 at high altitudes, the 
risk of perioperative hypoxia is likely to be magnified, par-
ticularly in newcomers to altitude. Opiates depress both 
the tachycardia and hyperpnea that normally occur in 
response to acute hypoxemia. Slow recovery of conscious-
ness and postanesthetic headache have been reported 
after anesthesia using thiopental with air or nitrous 
oxide.255 When ventilation was assisted or controlled 
during the anesthetic regimen and when postoperative 
supplemental O2 was administered, these complications 
did not occur. This finding suggests that intraoperative 
or postoperative hypoxemia may be a pathophysiologic 
factor. In contrast, long-term residents at high altitude 
may be more tolerant of hypoxemia; in such individu-
als other considerations may be important, including a 
higher hematocrit, pulmonary hypertension, and lower 
Paco2 and bicarbonate concentration.189 To prevent renal 
retention of bicarbonate, which reduces ventilatory drive, 
patients requiring controlled ventilation should have 
their Paco2 maintained at baseline value rather than in 
the traditionally normal range. Similarly, maintenance 
of PaO2 within the sea level normal range results in loss 
of adaptation and difficulty in readapting the patient to 
breathing room air.

Increased oozing of blood from surgical wounds at 
high altitude has been reported,256 and it is attributed to 
higher venous pressure, blood volume, vasodilatation, 
and increased capillary density. Camporesi reviewed 
the topic of anesthesia at both high and low ambient 
pressures.257

Anesthesia Equipment
Fluotec Mark II and Dräger Vapor halothane vaporizer 
performance has been compared at sea level, 5000 ft (1524 
m), and 10,000 ft (3048 m) altitude.258 At any given set-
ting the delivered percentage of halothane increased with 
altitude; however, its partial pressure remained constant. 
Therefore, when these devices are used at a given vapor-
izer setting, the anesthetic agent is delivered at a constant 
potency regardless of altitude (see also Chapter 29).

The effect of altitude on floating-bobbin or floating-
ball gas flowmeters has also been examined.258 At 10,000 
ft (3048 m) simulated altitude, both nitrous oxide and 
O2 flowmeters underread the actual flow rate. The per-
centage error progressively increased up to 4 L/minute, at 
which point both flowmeters were approximately 20% in 
error. A hazard may therefore arise when a low flow of O2 
is mixed with a higher flow of nitrous oxide. Unless an O2 
analyzer is available, the delivered percentage of O2 may 
be significantly lower than that calculated on the basis of 
the flowmeter readings.

Venturi-type gas mixing devices tend to deliver higher 
concentrations of O2 at high altitude than they do at sea 
level258; at 10,000 ft (3048 m) altitude, a mask designed 
to deliver 35% O2 at sea level actually delivered 41% O2.

Sedation
Standard sea level doses of sedative-hypnotics may pro-
duce increased respiratory depression at high altitude in 
unacclimatized subjects (see Chapters 89 and 90). A small 
dose of oral ethanol (50 g, producing an estimated blood 
alcohol concentration of 65 mg/dL, which was without 
ventilatory effect at ground level) increased blood Pco2 
by a mean of 1.5 mm Hg after acute ascent to 3000 m.259 
Both diazepam (5 mg orally) and temazepam (10 mg 
orally)260 have measurable effects on respiration at 3000 
m. In contrast, temazepam (10 mg orally) improved sleep 
quality and reduced the number of desaturations dur-
ing sleep in partially acclimatized mountaineers at 5300 
m.261 The difference in the studies is probably explained 
by different degrees of acclimatization to altitude. During 
acute altitude exposure in healthy young subjects, nei-
ther zolpidem (10 mg orally) nor zaleplon (10 mg orally) 
adversely affected SpO2 during sleep.220,221

General Anesthesia
Bandolz-Frank reported approximately 900 general anes-
thetic cases in La Paz, Bolivia at an altitude of 12,000 ft, 
with few problems.262 For adults, anesthesia induction 
was performed using a short-acting barbiturate such as 
thiopental, followed by ether or intravenous procaine 
maintenance, mostly with spontaneous ventilation. 
The respiratory stimulant nikethamide was sometimes 
required to reestablish ventilation after barbiturate induc-
tion. During the 1933 British Everest expedition to Mt. 
Everest, to facilitate fixation of a fractured clavicle a brief 
general open-drop chloroform anesthetic was admin-
istered at 14,000 ft altitude to a Tibetan, and it caused 
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cardiopulmonary arrest. After external cardiac massage 
and intracardiac injection of the respiratory stimulant 
nikethamide, breathing and circulation returned. An 
hour later, the patient had recovered sufficiently to smoke 
a cigarette.263 Other examples and a review of anesthetic 
agents delivered at high altitude are provided by Firth 
and Pattinson.263

The potency of anesthetic gases is proportional to 
their partial pressure. Therefore, as barometric pressure is 
reduced, fixed concentrations of inhaled anesthetics have 
lower potency. At an altitude of 3300 m, a significant 
reduction in efficacy of 50% nitrous oxide was observed 
in reducing pain threshold in normal volunteers264 
(Table 91-6). Successful induction of general anesthesia 
with halothane in a hypobaric chamber was reported at a 

TABLE 91-6 EFFECT OF 50% NITROUS OXIDE ON 
PAIN THRESHOLD IN NORMAL VOLUNTEERS AT 
ALTITUDE*

Altitude(m)

Barometric 
Pressure 
(mm Hg)

Increase in Pain 
Threshold(%) Side Effects

0 760 71.5 3 subjects, 
nausea; 2 
subjects, 
semicomatose

1,460 636 40.0 None
3,300 517 19.0 None

*Pain threshold was measured in 20 subjects at each altitude by applying 
pressure to the anterior aspects of the tibia using a spring balance. Simu-
lated altitude exposures were in a hyperbaric chamber. At increasing alti-
tudes a fixed concentration of nitrous oxide is progressively less effective.

Data from James MFM, Manson EDM, Dennett JE: Nitrous oxide analgesia 
and altitude, Anaesthesia 37:285-288, 1982.
barometric pressure of 375 mm Hg (equivalent altitude = 
5490 m).265 Recovery was rapid and uneventful.

Because supplemental O2 may not be available in some 
mountain locations, it may be imperative to choose an 
anesthetic technique that is least likely to suppress venti-
lation. Ketamine anesthesia with spontaneous ventilation 
was reported in 23 patients requiring general anesthesia 
at an altitude of 1830 m.266 Two patients developed sig-
nificant, although brief, desaturation, which resolved 
quickly. The authors concluded that this form of anes-
thesia is a practical method in a rural hospital setting at 
high altitude without access to supplemental O2.

Ketamine (total dose 1 to 6 mg/kg) after intravenous 
premedication with atropine 0.02 mg/kg and mid-
azolam 0.05 mg/kg was reported in a consecutive series 
of 11 patients (American Society of Anesthesiologists 
Physical Status 1 to 2) requiring general anesthesia for 
short procedures at Kunde Hospital in Nepal (3840 m) 
(Fig. 91-17).267 Nine patients required reduction of dis-
locations or fractures, 1 patient (9 years old) required 
suturing of a facial laceration, and another patient 
required drainage of an abscess. The induction dose 
of ketamine was 1 mg/kg intravenously administered 
over 1 to 2 minutes, followed by additional incremen-
tal doses, titrating to effect. Baseline SpO2 on room 
air was 86% to 91%. O2 was administered in 3 of 11 
cases through an O2 concentrator if SpO2 fell below 
80% for 1 minute and was not correctable by forward 
jaw thrust or vocal and tactile stimulation. Both low-
altitude residents required supplemental O2 for 20 min-
utes during recovery, whereas only 1 of 9 high-altitude 
residents required O2. Use of ketamine was reported 
at even higher altitude (4243 m), for control of post-
partum hemorrhage in a 22-year-old woman.268 Deep 
general anesthesia was obtained with only 25 mg of 
Figure 91-17. Kunde Hospital, Nepal (altitude 3840 m), the site of the published series of general anesthetics described in the text.267 The pho-
tograph depicts Dr. David Murdoch assisted by Kami Temba Sherpa. (Photograph courtesy Dr. Lynley Cook.)
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intravenous ketamine (≈0.5 mg/kg), which induced 5 
minutes of apnea, requiring airway manipulation and 
supplemental O2. The total dose of ketamine required 
for the 20- to 25-minute procedure was only 50 mg. 
The authors attributed the exaggerated response to a 
low dose of ketamine to a combination of hypoxemia 
and hemodynamic instability.

Compared with lowlanders at 300 m, high-altitude 
natives anesthetized at 3500 m above sea level (mean pre-
operative SpO2 88.5%) appeared to require significantly 
larger amounts of propofol when administered with fen-
tanyl.269 The highlanders also had a lower resting heart 
rate, and heart rate responses to surgical stress were sig-
nificantly attenuated.

Regional Anesthesia
Spinal anesthesia has been reported to result in an unac-
ceptably high incidence of dural puncture headache,255 
possibly because of chronically increased CSF pressure, 
dehydration, and altered sensitivity of the altitude resi-
dent’s CNS ICP changes.255 Headaches were not reported 
in 20 young native mountain dwellers in whom CSF sam-
ples were obtained with 25-gauge needles.255

Perioperative Supplemental Oxygen
At high altitude, PAO2 is normally increased by hyperven-
tilation induced by the hypoxic ventilatory drive. Admin-
istration of anesthetics or narcotic analgesics, both of 
which blunt the hypoxic ventilatory drive, may therefore 
precipitate hypoxia. The resulting hypoxic symptoms of 
irritability, confusion, and restlessness may be misinter-
preted as being caused by pain, and misguided adminis-
tration of additional narcotics would only compound the 
problem. Analgesic-induced respiratory depression was 
reported as a likely cause of death in a Sherpa who had 
débridement of frostbitten fingers at 4300 m altitude.265 
Therefore, if opiate analgesics are administered, supple-
mental O2 may be required.

Monitoring
O2 analyzers, both electrochemical and paramagnetic, 
measure PO2 rather than O2 percentage (see also Chapter 
44). Thus, if the display is in “percent,” the actual percent-
age will be falsely low unless the analyzer is calibrated at 
that altitude. Nevertheless, it is the PO2 that is physiologi-
cally important. Clinical CO2 analyzers similarly measure 
partial pressure. Because end-tidal Pco2 at high altitude is 
within the normal range (or somewhat low), readings are 
unaffected by altitude.

Air evacuation in an unpressurized or partially pres-
surized aircraft engenders expansion of the gas volume 
in enclosed spaces such as tracheal tube cuffs and pulmo-
nary artery catheter balloons.

AIR TRANSPORT OF CRITICALLY ILL 
PATIENTS

Important issues during air transport of critically ill 
patients include the challenges of monitoring and 
intervening in an environment with limited space and 
resources, as well as those pertinent to altitude itself270 
(see also Chapter 81). A decrease in ambient pressure 
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auses expansion of fixed gas volumes such as in an 
ndotracheal cuff and pneumothorax. Volumes increase 
0% and 45%, respectively, at 5000 and 10,000 ft (1524 
nd 3048 m) altitude, and they may require adjustment 
f cuff pressure. It would also be expected that the vol-
me of pneumocephalus would similarly increase and 
ause a rise in ICP. This issue was examined in a review 
f 21 patients with posttraumatic pneumocephalus who 
ere evacuated by military transport (8 hours flying 

ime) at a cabin altitude of 5000 to 8000 ft from Iraq 
o Landstuhl Regional Medical Center in Germany. Two 
atients had intraventricular drains. None of the patients 
xperienced sustained clinical neurologic deterioration 
uring transport or within 24 hours after arrival at the 
estination.271 The patient with the most severe brain 

njury had baseline ICP of 25 to 30 mm Hg and experi-
nced only transient ICP elevations during takeoff and 
uring level flight, each of which resolved spontane-
usly. Provided the cabin altitude is within the range 
sually experienced during commercial flight (see later), 
he mild decrease in arterial PO2 can be managed with 
upplemental O2.

In a review of 19,228 urgent civilian transports of adult 
atients within Ontario, Canada, by either fixed wing air-
raft or helicopter, at least one critical event occurred dur-
ng 5% of the transports.272 Hemodynamic deterioration 
as the most frequent critical event, occurring in 3.2% 
f transports. Accidental extubation was uncommon 
0.1% of cases); however, airway interventions occurred 
n 0.7% (intubations, laryngeal mask insertions, or crico-
hyroidotomies). The success rate for first-attempt intu-
ations was 64.5% for oral and 75.0% for nasal. Needle 
horacostomies were performed in 63 instances (0.33%). 
ardiac resuscitation (mostly chest compression, defibril-

ation, cardioversion, or external pacing) was performed 
n 1.25% of cases.

OMMERCIAL AIR TRAVEL

linical Effects of Aircraft Flight
uring commercial aircraft flight, the pressure within the 

abin is mandated to be no less than the barometric pres-
ure at 8000 ft altitude (typical cabin altitude 1500 to 2438 
). During flight, the ambient air PO2 would fall from 

59 mm Hg at sea level to as low as 118 mm Hg. One pub-
ication reported observations during commercial flights 
hat indicated a cabin altitude sometimes reaching 8549 
t.273 The ensuing mild hypoxemia Sao2 (usually >90%) is 
enerally well tolerated by normal individuals, although 
ltitude-related symptoms such as discomfort and fatigue 
an occur.274 Small increases in pulmonary artery pres-
ure have been described in normal individuals,275 with 
linically significant changes in susceptible individu-
ls.276 Changes in ambient pressure can induce otic and 
inus barotrauma and pain resulting from expansion of 
ntestinal gas. Motion sickness is now rare. More serious 

anifestations that have been attributed to immobility 
nd possible hypoxemia include phlebothrombosis.277,278 
irborne spread of communicable diseases has also been 

eported.278 Medical guidelines for air travel have been 
iscussed in review articles.279,280
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Prediction of Oxygenation During 
Commercial Flight
Patients with impaired gas exchange resulting from 
chronic obstructive pulmonary disease or restrictive 
disease during flight may experience significant hypox-
emia,281,282 as well as symptoms of dyspnea, edema, 
wheezing, cyanosis, and chest pain.283

To predict the effect of altitude on arterial oxygen-
ation, the patient can be exposed to simulated altitude 
in a hypobaric chamber with assessment of SpO2 and/or 
arterial blood gases. Alternative measures include admin-
istering a hypoxic gas premixed to produce the same 
inspired PO2 as air at the target altitude (typically 15% 
O2)284 or supplying a Venturi mask designed to deliver 
35% to 40% O2 with 100% nitrogen.285,286 Prediction 
algorithms based on sea level blood gas values have also 
been used with success.287 Predicted PaO2 at altitude (PaO2  
alt (predicted)) can be predicted from ground level blood 
gases (PaO2 GL, Paco2 GL), ground level calculated alveolar 
PO2 (PAO2 GL), and altitude alveolar PO2 (PAO2 alt) using 
the following equation:

 PaO2 alt predicted = PAO2 alt × (PaO2 GL/PAO2 GL) 

Systematic testing of a number of other prediction 
equations has been reported.286,288 Incorporation of SpO2 
measured after a 6-minute walk test may provide greater 
predictive accuracy.289

Patients with baseline hypoxemia resulting from lung or 
heart disease may be considered for in-flight O2 administra-
tion.290 Procedural details have been reviewed by Stoller.287

In-Flight Emergencies
One to 75 in-flight medical events per million passen-
gers have been reported by commercial airlines.291 The 
most common are syncope, gastrointestinal complaints, 
minor trauma, and cardiac, pulmonary or neurologic 
issues. Emergency care of severely ill passengers is facili-
tated by medical kits that are carried aboard all U.S. com-
mercial aircraft requiring a flight attendant. In addition, 
automatic external defibrillators are aboard all U.S. com-
mercial planes with a payload exceeding 7500 pounds. 
In-flight deaths are extremely uncommon (0.01 to 0.8 
deaths per million passengers). In a study of 1 year’s 
(1999 to 2000) experience of a U.S.-based airline, it was 
estimated that an onboard physician was available dur-
ing approximately half of all flights.291 Guidelines for 
assessment of in-flight emergencies have been outlined 
by Silverman and Gendreau.279 A system of ground-based 
physicians is available for consultation and to assist with 
decisions regarding flight diversion.

MEDICAL CARE IN SPACE

PHYSIOLOGIC AND MEDICAL ISSUES 
DURING SPACE FLIGHT

For a few minutes during launch of a space vehicle, gravi-
tational force increases as the space craft accelerates to 
orbital speed (typically 4 G for the Russian Soyuz). During 
the period in space, the major physiologic stress on astro-
nauts is the absence of gravitational stress (microgravity). 
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his phenomenon results in an increase in left ventricu-
r end-diastolic volume, paradoxically accompanied by a 
ecrease in central venous pressure.292 The central redis-
ribution of blood causes facial edema and initiates diure-
is, and thence plasma volume depletion (up to 20% or 
ore), which persists until after landing.293 Shortly after 

ttaining orbit, most astronauts experience self-limited 
izziness, drowsiness, nausea, and vomiting.294 During 
eentry, astronauts are reexposed to increased G force 
ithout the benefit of an anti-G suit. This is typically 4 to 
 G for the Soyuz craft, but it can be as high as 6 to 7 G. To 
crease plasma volume, astronauts routinely consume 4 

 of an electrolyte fluid within 4 hours before reentry. 
evertheless, after landing astronauts typically experi-

nce some degree of orthostatic intolerance,295 and they 
ften have a recurrence of nausea and vomiting.294 Pos-
ural hypotension has been attributed to hypovolemia, 
ecreased muscle tone in the legs, enhanced endothelial 
itric oxide synthase expression, and down-regulation of 
-adrenergic receptors.296 Reduced ventricular mass has 
een observed after several days in orbit,297 and it may be 
aused by cardiac atrophy298 or dehydration.299 Skeletal 
uscle atrophy occurs even after short missions.300

Cabin pressure in the space shuttle and the Interna-
ional Space Station is 760 mm Hg. However, during 
xtravehicular activity (EVA), space suit pressure is 4.3 psi 
222 mm Hg). During EVA, astronauts prevent hypoxia 
y breathing 100% O2, although the reduced pressure 
ngenders the potential risk of DCS.301 To decrease the 
robability of bubble formation by reducing tissue nitro-
en content, the astronauts have a 100% O2 prebreath-
g period of approximately 4 hours. If the suit were to 

ecome disrupted during EVA, the astronaut’s ambient 
ressure would quickly drop to zero, causing hypoxia 
nd generalized bubble formation, referred to as ebullism 
body fluids boiling as a result of ambient pressure lower 
han saturated water vapor pressure).

Gravitational unloading causes loss of calcium from 
ones. During long space flights, this loss could pro-
uce significant osteoporosis. This problem, along with 
he resulting hypercalciuria and increased probability of 
ephrolithiasis, constitutes a major obstacle to human 
terplanetary travel.
Emergency care during space includes numerous chal-

nges, including the effect of fluid volume changes on 
rug disposition, hypovolemia, difficulties with applying 
echanical force (e.g. for intubation), and limitations of 

upplies and expertise.302 For acute medical conditions 
hat cannot be adequately treated on board the Interna-
ional Space Station, evacuation of an astronaut by Soyuz 

ay take up to 24 hours. Hypovolemia secondary to 
emorrhage may not be adequately treatable because of 
mited quantities of supplies, and hypotension could be 
xacerbated by preexisting volume loss and increased G 
rces during reentry. Air-fluid interfaces in intravenous 

uids generate bubbles (Fig. 91-18). Thus, intravenous 
uid bags must be degassed before flight, and bubbles 
ust be removed by in-line filtration. The physiologic 

ffects of general or regional anesthesia in microgravity 
re unknown. Because conventional anesthesia vaporiz-
rs require gravity to confine the liquid to the bottom 
f the reservoir, a different design would be required for 
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use in space. Additional practical limitations include the 
need to prevent pollution of the enclosed environment 
by volatile anesthetics or exhaust O2 (fire hazard).

Tracheal intubation may be difficult because of facial 
edema. The laryngeal mask airway (LMA), cuffed oropha-
ryngeal airway, and intubating LMA have all been success-
fully demonstrated in microgravity simulated in a neutral 
buoyancy tank.303 Studies using secured mannequins dur-
ing short periods of microgravity in an aircraft have dem-
onstrated successful intubation using laryngoscopy and 
standard tracheal tube (Fig. 91-19), Combitube (Nellcor, 
Pleasanton, Calif.), and an intubating LMA.304,305 However, 
tracheal intubation in microgravity by a nonphysician 
using conventional laryngoscopy is frequently unsuc-
cessful.304 All intubation techniques require that both the 
patient and the intubator be secured.304 Gastroesophageal 

Figure 91-18. Air in the bag of intravenous (IV) fluid in microgravity 
with an infusion pump. The lack of a gravitational field makes it impos-
sible to remove gas in the usual way. IV fluid bags must be degassed 
before flight, and bubbles must be removed by in-line filtration. (Cour-
tesy National Aeronautics and Space Administration.)

Figure 91-19. Tracheal intubation of a free-floating mannequin in 
microgravity. The intubator stabilizes the head by holding it between 
his knees. (From Groemer GE, Brimacombe J, Haas T, et al: The feasibility 
of laryngoscope-guided tracheal intubation in microgravity during para-
bolic flight: a comparison of two techniques, Anesth Analg 101:1533-
1535, 2005, with permission).
reflux is more common in microgravity; thus, aspiration 
during general anesthesia may be more likely.

On-board diagnostic tools are being developed, such as 
for remotely guided ultrasound examination (Fig. 91-20). 
The challenges of providing anesthesia in space have 
been outlined by Komorowski and colleagues.306

Remote robotic surgery has been considered a substi-
tute for an on-board surgeon. Indeed, a robotic laparo-
scopic cholecystectomy was successfully performed on a 
patient in Strasbourg, France by surgeons operating from 
New York City. The total delay time between movement 
initiated by the surgeon and detection on the moni-
tor was approximately 155 msec.307 A surgical center at 
McMaster University in Hamilton, Ontario, Canada suc-
cessfully performed several telerobotic surgical cases at 
North Bay, 250 miles away, by using an Internet link with 
a delay of 135 to 140 msec.308 The limit of the accept-
able time delay is believed to be approximately 330 msec. 
Whether training or technology will allow this technique 
to be expanded to permit surgery during interplanetary 
flights (with a much longer delay time) is unknown.

PHYSIOLOGIC AND MEDICAL ISSUES AFTER 
RETURN TO EARTH

Medical challenges may extend into the period after land-
ing. After 14 days in space, to obtain biopsies, two rhesus 
monkeys were administered general anesthesia (ketamine 
10 mg/kg intramuscularly; then 1% to 1.5% isoflurane for 
3.5 to 4 hours) by a competent veterinary anesthesiolo-
gist within 24 hours after landing. One animal aspirated 
during emergence and could not be resuscitated. Three 
hours after recovery, the other inexplicably developed 
lethargy and facial edema.309 From this experience, it 
can be inferred that well-accepted standard-of-care tech-
niques may not be safe when anesthetizing astronauts 
shortly after space flight.

Several specific challenges have been elucidated. 
Details can be found in two excellent reviews.310,311 Some 
issues most pertinent to anesthetic risk are as follows.

Figure 91-20. Testing diagnostic ultrasound on the space shuttle. 
Astronaut Mike Finke is operating the ultrasound device while being 
guided by a ground-based physician. (Courtesy National Aeronautics 
and Space Administration.)
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Hypovolemia and Adrenergic 
Hyporesponsiveness
Following flight, many astronauts experience ortho-
static intolerance. This is in part the result of hypovole-
mia, but it is also caused by a dysfunctional adrenergic
response.312 In astronauts with postflight orthostatic
intolerance, the pressor response to phenylephrine is
not different from the preflight response; however, it is
attenuated compared with astronauts who are tolerant
of acute orthostasis.313 Cardiovascular deconditioning,
ventricular atrophy, and changes in arterial stiffness may
also play a role.298,299,314,315 The immediate postflight
hemodynamic response to general or neuraxial anesthe-
sia could include unexpected hypotension, but to date is
this is unknown.

Electrolyte Disorders
Reductions in both serum potassium and magnesium
have been reported after some space missions,316,317 pos-
sibly in response to decreased dietary intake. Hypokale-
mia has been blamed for cardiac arrhythmias observed
during Apollo 15.318

Hyperkalemic Response to Succinylcholine
Skeletal muscle atrophy resulting from immobilization
and disuse causes proliferation of acetylcholine recep-
tors, increased sensitivity to succinylcholine (see Chap-
ters 34 and 35), and decreased cholinesterase activity.319

Based on data from patients with neuromuscular dis-
ease and immobilized limbs, resistance to nondepolar-
izing neuromuscular blocking drugs may occur.320 Use
of succinylcholine in immobilized ICU patients has
been associated with exaggerated hyperkalemia and
cardiac arrest.321,322 Investigators have suggested that
skeletal muscle atrophy in astronauts may put them at
a similar risk.311

SUMMARY

Increasingly widespread use of HBOT to treat criti-
cally ill patients has created a demand for individuals
skilled in using this technology. Planning and design of
monitoring capabilities will enable optimal control of
hemodynamics and oxygenation. Patient safety in this
environment can be achieved with careful attention to
detail, which includes patient selection and monitoring
and chamber procedures. Optimized treatment sched-
ules will evolve from studies of mechanism of action
and further clinical trials. Advances in prevention and
treatment of O2 toxicity may allow more prolonged
therapy than can currently be safely administered and
hence a more aggressive approach to ischemic and infec-
tious syndromes.

The decreases in ambient pressure and ensuing
hypoxia associated with acute high-altitude exposure
result in well-described physiologic changes that are
often associated with clinical symptoms. Methods
for prophylaxis and treatment have been described.
Safe anesthesia at high altitude requires some modi-
fication of sea level techniques, not only because of
the hypoxia and reduced ambient pressure, but also
e Environments: At High and Low Pressure and in Space 2701

 
 
 
 
 
 
 
 

 

 

 

 

 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 

 
 
 
 
 

 
 

because suboptimal equipment may be available under 
mountain conditions.

Anesthesia in space poses unique challenges that may 
extend even beyond return to earth.
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CHRISTOPHE DADURE • CHRYSTELLE SOLA • BERNARD DALENS • XAVIER CAPDEVILA

K e y  P o i n t s

 •  The application of regional anesthesia in pediatrics has increased in the past 30 
years.

 •  Regional anesthesia represents a major therapeutic option for preventing and 
treating pain in pediatrics both intraoperatively and postoperatively.

 •  In recent years, the use of peripheral nerve blockade instead of the neuraxial 
approach has reduced the incidence of adverse effects.

 •  More regional anesthesia procedures in children are being described in terms of 
efficacy and safety.

 •  The development of devices and techniques specifically for pediatric use has 
facilitated their routine use.

 •  Peripheral catheter techniques are becoming routine practice.
 •  The efficiency and safety of these techniques may facilitate early ambulation with 

improved pain management and includes treatment at home and improved 
rehabilitation of children.

 •  Traditionally, nerve stimulation is the gold standard for locating nerves and plexuses. 
However, ultrasound guidance is increasingly used for regional anesthesia in children.

 •  The benefits of the ultrasound-guided regional technique are visualization of 
targeted nerves and spaces and the spread of injected local anesthetic.

 •  The use of ultrasound guidance for performing peripheral nerve blocks permits the 
decrease of local anesthetic doses, decrease in number of punctures, and increase 
in the onset time and duration of sensitive block.

 •  To avoid local or systemic toxicity, the dose of local anesthetic, in terms of volume 
and concentration, should be carefully calculated.

Acknowledgment: The editors and the publisher would like to thank Dr. Bernard J. Dalens, who was a contributing 
author to this topic in the prior edition of this work. It has served as the foundation for the current chapter.
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Pediatric regional anesthesia is commonly used in adjunc-
tion with general anesthesia and plays a key role in the 
multimodal approach of pain management in surgical 
and nonsurgical pediatric patients and provides excellent 
postoperative analgesia. The development of needles and 
catheters for pediatric patients has made the use of these 
techniques easier and safer. Large retrospective and pro-
spective studies confirm the infrequent rate of complica-
tions and no major sequelae with regional anesthesia in 
children, especially with peripheral nerve blocks. The use 
of long-acting local anesthetics with less cardiotoxicity, 
as well as ropivacaine or levobupivacaine, increases the 
safety of these procedures in children. Virtually all tech-
niques of nerve blockade have been evaluated in pediat-
rics, thus allowing precise definition of their indications, 
contraindications, and adverse effects. This chapter 
describes these approaches in detail.

Continuous peripheral nerve blocks are one of the 
most recent developments in regional anesthesia in chil-
dren. Local anesthetics in a single-shot procedure have a 
limited duration of action, sufficient for some pediatric 
surgeries but insufficient in many cases of major surgery. 
Major pediatric orthopedic surgery causes significant 
and prolonged postoperative pain, making continuous 
peripheral nerve blocks very important.

Ultrasound imaging techniques represent the second 
transformation in regional anesthesia (see also Chapter 
58). The advantage of ultrasonography is to make visible 
the spread of the local anesthetic. Without doubt, ultra-
sonographic guidance improves the quality of regional 
anesthesia blockade, allowing both the adjustment of 
needle positioning in case of inappropriate spread and 
the reduction of local anesthetic dose in children.

RELEVANT DIFFERENCES BETWEEN 
CHILDREN AND ADULTS

ANATOMIC DIFFERENCES

Change in Body Size Resulting From  
the Growth Process
The most obvious difference between children and adults 
is body size. “Normal” full-term neonates weigh 3 to 3.5 kg, 



 
 
 
 
 
 

 
 

 
 
 
 

 

 

 

 
 

 
 

 
 
 

 

with a height of 50 cm, and within 10 to 15 years they
will multiply their weight by more than 12 (>1200%) and
their height by more than 3 (>300%). During the early
stages of development the spinal cord occupies the spinal
canal entirely, but later the growth of vertebrae exceeds
that of the cord,1 and the last spinal nerves, the cord,
and its envelopes are “attracted” within the spinal canal. 
At birth the dura mater ends at the level of the third or 
fourth sacral vertebra and the cord (conus medullaris) at
the L3 or L4 level. It is only at the end of the first year
of life that the adult level is attained—that is, L1 for the 
conus medullaris and S2 for the dural sac.

Anatomic relationships and landmarks are constantly 
changing throughout infancy and childhood, which
interferes with regional procedures and requires good
knowledge of developmental anatomy and the assistance
of accurate techniques for localization of anatomic spaces
and nerve trunks.

Congenital malformations, genetic disorders, and con-
sequences of fetal and neonatal asphyxia (cerebral palsy) 
are frequent and specific to the pediatric period. They
result in abnormal development and deformities of bone, 
joint, and neurologic structures that tend to worsen dur-
ing childhood.

The main pediatric anatomic and physiologic fac-
tors that can influence indications for or performance of
regional block procedures are listed in Table 92-1.

Delayed Ossification of Bones and Fusion  
of Sacral Vertebrae
Bones of neonates, including vertebrae, are mostly carti-
laginous. Sharp needles can easily traverse them because
cartilage offers little resistance to penetration, and ossifi-
cation nuclei can be severely damaged, thus compromis-
ing further bone and joint development. Consequently, 
bone contact should be avoided as often as possible dur-
ing block procedures, especially in infants. This cartilagi-
nous structure also allows easy penetration of x-rays and 
ultrasound.

Development of Flexures of the Spine
At birth, a single spinal flexure is present and the orien-
tation of epidural needles is the same regardless of the
intervertebral space. Flexures, however, are not fixed, and
they can be easily counteracted by forced flexion almost 
throughout childhood because of persistent spinal flex-
ibility, which is a major advantage in the pediatric period 
(in addition to the absence of osteophytes).

Loose Attachment of Fasciae and Fluidity  
of Epidural Fat
Fasciae and perineurovascular sheaths are loosely attached 
to underlying structures (e.g., nerves, muscles, tendons,
vessels). This allows extended spread of local anesthetics,
resulting in high-quality nerve blockade regardless of the 
technique but also, occasionally, undesirable spread to 
distant nerves or anatomic spaces. The epidural fat is very
fluid in infants and young children (up to 6 to 7 years of
age). This fluidity combined with the loose attachment
of the sheaths surrounding the spinal roots favors con-
sistent leakage of local anesthetics injected within the
epidural space; therefore, comparatively large volumes of 
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epidural local anesthetics (up to 1.25 mL/kg) are required 
to reach desired levels of anesthesia.

Delayed Myelinization of Nerve Fibers
Myelinization begins during the fetal period in cervical 
neuromeres and extends cephalad and caudad,2,3 but 
the process is not finalized before the twelfth year of 
life. Myelinization is especially poor in infants; the lack 
of fully developed nerve fibers is the main reason why 
they are unable to walk. A major pharmacologic con-
sequence of this condition is that local anesthetics can 
penetrate and block nerve fibers more easily. Diluted 
solutions of local anesthetics provide the same quality 
of nerve blockade as with at least twofold more con-
centrated solutions in adults. Onset time is shortened, 
but, on the other hand, duration of blockade is reduced 
because trapping of local anesthetics within myelin with 
subsequent progressive release is reduced and because 
local circulation and, therefore, vascular absorption are 
greater in infants.

PAIN PERCEPTION

Somatic pain is a subjective sensory experience resulting 
from the intermixing of three main components4: moti-
vational-directive, sensory-discriminatory, and cognitive-
evaluative. The motivational-directive component is 
conveyed by unmyelinated C fibers (“slow” pain or “true” 
pain). It leads to protective reflexes such as autonomic 
reactions, muscle contraction, and rigidity. C fibers are 
fully functional from early fetal life onward. Connections 
between C fibers and dorsal horn neurons are not mature 
before the second week of postnatal life. However, noci-
ceptive stimulations transmitted to the dorsal horn by C 
fibers elicit long-lasting responses,5,6 probably as a result 
of extensive depolarization of surrounding neurons in 
response to the production of large amounts of substance 
P. As the number of dorsal horn receptors to substance P 
decreases during the first 2 weeks of life, this exaggerated 
response of neonates to nociceptive stimulation progres-
sively disappears. The inhibitory control pathways, which 
are immature at birth, develop concomitantly.

Painful procedures during the neonatal period modify 
subsequent pain responses in infancy and childhood,7 
depending on the developmental stage of the infant (full-
term versus preterm) and the infant’s cumulative experi-
ence with pain. With later noxious procedures, full-term 
neonates react with heightened behavioral responsive-
ness, whereas preterm neonates react with a damped 
response. When analgesic drugs (local anesthetics or opi-
oids) are administered before painful procedures, infants 
demonstrate less evidence of procedural pain and a 
reduction in the magnitude of long-term changes in pain 
behaviors.7

A major difficulty in assessment, and, at times, even 
identification of pain in children pertains to the inability 
of young patients to communicate with their caregiver 
and precisely express their distress and discomfort. Dur-
ing the past 2 decades, pediatric pain has received consid-
erable attention, and reliable age-related pain scales have 
been developed to evaluate both the severity of pain and 
the efficacy of its treatment.
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TABLE 92-1 MAIN ANATOMIC AND PHYSIOLOGIC FACTORS IN THE PEDIATRIC PERIOD THAT CAN INFLUENCE 
THE SELECTION OR PERFORMANCE OF A REGIONAL BLOCK PROCEDURE

Pediatric Factors (Mainly Infants) Resulting Danger Implications for Regional Anesthesia

Lower termination of spinal cord Increased risk for direct trauma to the spinal 
cord

Avoid epidural approaches above L3 whenever 
possible.

Lower projection of dural sac Increased risk for inadvertent penetration  
of the dura mater

Check for cerebrospinal fluid reflux, including 
during caudal approaches.

Favor low approaches to the epidural space.
Delayed myelinization of nerve  

fibers
Easier intraneural penetration of local 

anesthetics
Onset time is shortened, and diluted local 

anesthetic is as effective as more concentrated 
anesthetic in adults.

Cartilaginous structure of bones  
and vertebrae

Reduced resistance to penetration by  
sharp needles

Danger of direct trauma and bacterial 
contamination of ossification nuclei 
compromising further bone or joint 
growth

Avoid use of thin and sharp needles; use short and 
short beveled ones instead.

Do not apply excessive force on needle: if 
resistance is felt, stop trying to insert the needle 
farther.

Lack of fusion of sacral vertebrae Persistence of sacral intervertebral  
spaces

Intervertebral sacral epidural approaches can be 
performed throughout childhood.

Delayed development of curvatures  
of the spine

Cervical lordosis (3-6 mo)
Lumbar lordosis (8-9 mo)

Same orientation of epidural needles is appropriate 
whatever the spinal level before 6 mo of age; 
then adapt needle orientation to spinal flexures.

Changing axis of coccyx and  
absence of growth of sacral  
hiatus

Sacral hiatus comparatively smaller  
with increasing age

Identification of sacral hiatus becomes more 
difficult after 6-8 yr (increased failure rate of 
caudal anesthesia).

Delayed ossification and growth  
of iliac crests

Tuffier line, which joins anterior superior 
iliac spinous processes, crosses the  
spine at L5 or lower in infants.

This line passes over L5-S1 interspace instead of 
L4-L5 interspace.

Increased fluidity of epidural  
fat

Increased diffusion of local anesthetic  
up to 6-7 yr of age

Excellent blockade after caudal anesthesia can be 
achieved up to 6-7 yr of age.

Loose attachment of sheaths  
and aponeuroses to underlying 
structures

Increased spread along nerve paths with 
danger of penetrating remote anatomic 
spaces and blocking distant nerves

Larger volume of local anesthetic is required for 
epidural blocks because of leakage along spinal 
nerve roots.

Smaller volume of local anesthetic is necessary to 
produce excellent peripheral blocks.

Enzymatic immaturity Slower metabolism of local anesthetics 
(usually compensated by other  
enzyme pathways)

Increased mean body residency time and half-
life, with accumulation (especially after repeat 
injection and continuous infusions of local 
anesthetic), are characteristic.

Increased extracellular fluids Increased distribution volume and mean 
body residency time of local anesthetic 
(and most medications)

Decreased Cmax occurs after single injection but 
accumulation occurs with repeat or continuous 
injections.

Low plasma protein content  
(HSA and AAG)

Competition at nonspecific HSA binding 
sites

Limited capacity of specific binding of local 
anesthetic by AAG, resulting in increased 
plasma concentration of the free fraction

Increased unbound free fraction of all local 
anesthetic occurs, with greater danger of 
systemic toxicity

Increased cardiac output and  
heart rate

Increased regional blood flow resulting in 
increased systemic absorption of local 
anesthetic

Increased systemic absorption of local anesthetic 
occurs (decreased Tmax and shorter duration of 
blockade).

Increased efficacy of epinephrine. Vasoconstriction 
reduces absorption (thus toxicity) and prolongs 
duration of blockade.

Sympathetic immaturity, diminished 
autonomic adaptability of the 
heart, smaller vascular bed in  
lower extremities

Hemodynamic stability during neuraxial 
blocks

Fluid preloading and use of vasoactive agents are 
unnecessary.

Delayed acquisition of body scheme 
and conceptualization, anxiety

Inability of patients to locate precise body 
areas

Concept of paresthesia not  
understandable

Difficult cooperation

Nerve and space identification requires application 
of location techniques independent of patient’s 
cooperation.

Heavy sedation or general anesthesia is required in 
most patients (especially when a “dangerous” 
technique is planned to avoid detrimental 
consequences of panic attacks at a critical phase 
of the block procedure).

AAG, α1-Acid glycoprotein; Cmax, peak plasma concentration; HSA, human serum albumin; Tmax, time to reach Cmax.



PHARMACOLOGY OF LOCAL ANESTHETICS 
AND ADDITIVES

Two main factors influence pharmacologic properties of 
medications in children: (1) immaturity of some enzyme 
pathways and their replacement by other biochemical 
pathways and (2) progressive increase in body surface 
area concomitantly with the growth process. Drug pre-
scriptions made according to body surface area are the 
same as (or in simple ratio with) adult dosing.8 However, 
body surface area is not easily obtained and, in practice, 
doses are calculated according to body weight and require 
constant adaptation as the child grows up; dosage errors 
are not infrequent.

Local Anesthetics
Chemical properties and mechanisms of action of local 
anesthetics are detailed elsewhere in this book (see also 
Chapter 36); they are basically the same during the pedi-
atric period and only pharmacokinetic properties may 
notably differ, especially in neonates and infants.10

Local Fixation
Schematically, local fixation is reduced and spread is 
increased in infants in contrast to the occurrence in adults, 
especially within the epidural space, because the epidural 
fat is more fluid and less densely packed. The main con-
sequences are (1) shorter onset time of action, (2) more 
extended longitudinal and circumferential spread of local 
anesthetics, and (3) shorter duration of action because of 
reduced secondary release from local binding sites.

Regional SpRead TowaRd The TaRgeT. The target of local 
anesthetic action is voltage-dependent sodium channels 
located within nerve fibers. Nonionized molecules can 
achieve penetration of only biologic membranes, and the 
speed of the process depends on the number and thick-
ness (increasing with age) of sheaths.

SySTemic abSoRpTion and diSTRibuTion

Plasma Protein Binding. Nonionized local anesthetics 
cross almost freely the capillary wall close to the injection 
site. Because cardiac output and local blood flow are two 
to three times greater in infants than in adults, systemic 
local anesthetic absorption is increased accordingly and 
vasoactive agents such as epinephrine are very effective 
in slowing systemic uptake.

Once they have penetrated within the vascular bed, 
local anesthetics undergo plasma protein binding mainly 
to human serum albumin (HSA) and α1-acid glycoprotein 
(AAG), or orosomucoid. HSA has a low affinity for local 
anesthetics, and many pharmacologic agents can com-
pete at available binding sites. Furthermore, plasma levels 
of HSA are low during the first months of life, especially in 
premature and fasted infants; thus, the protection offered 
by HSA against systemic toxicity of local anesthetics is 
low and decreases postoperatively. The affinity of AAG 
for local anesthetics is 5000 to 10,000 times greater than 
that of HSA, which makes AAG very effective to protect 
the patient from systemic toxicity (which depends on the 
unbound free form of local anesthetics). However, again, 
plasma concentration of AAG is very low at birth (0.2 to 
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0.3 g/L) and does not reach adult levels (0.7 to 1.0 g/L) 
before 1 year of age.11-13

Because plasma concentration of the two proteins able 
to bind local anesthetics are low at birth, the free fraction 
of all local anesthetics is increased in infants; therefore, 
the maximum doses of all aminoamides must be signifi-
cantly reduced in this age group even though the plasma 
concentration of AAG increases postoperatively, except 
in case of liver insufficiency.13 On the other hand, the 
stress of surgery, particularly in infants with infection or 
in an emergency surgery, the plasma levels of orosomu-
coid may increase.11 The increase in plasma orosomucoid 
concentration can change the proportion of free fraction 
of ropivacaine, increasing the plasma concentration of 
the bound fraction of this molecule and thus protecting 
from the systemic toxicity of local anesthetic.14 These 
phenomena can largely reduce the potential risk of local 
anesthetics after a single injection by retaining their 
plasma concentration within the safety margins.

red Cell storage. Once in the bloodstream, local anes-
thetics distribute to red blood cells, which retain 20% to 
30% of the total dose, depending on the anesthetic and 
the hematocrit. Red cell storage usually has a minor im-
pact on the pharmacokinetics of local anesthetics except 
in the following situations:

 •  In neonates: High hematocrit values (which may exceed 
70%) and enlargement of erythrocytes (physiologic 
macrocytosis) result in consistent “entrapment” of local 
anesthetics, thus lowering peak plasma concentration 
(Cmax) values after a single injection but increasing 
secondary release, thus increasing the half-life of all 
local anesthetics.

 •  In infants: Physiologic anemia reduces red cell storage 
and its protective effect against systemic toxicity of 
local anesthetics (after a single-shot injection only) 
when the plasma protein binding sites are saturated—
that is, close to toxic blood concentrations.
aBsorPtion From the ePidural sPaCe. Absorption has 

been rather well evaluated in the epidural space. In chil-
dren and infants, the same kinetics of absorption is re-
ported, but the younger the patient, the less accentuated 
is the biphasic shape of the plasma concentration curve. 
The peak plasma concentration and the slope of the de-
creasing concentration curve are increased,15 whereas the 
time (Tmax) to reach Cmax remains basically unchanged; 
for example, the Tmax of bupivacaine is approximately 30 
minutes regardless of the patient’s age.

Ropivacaine is a remarkable exception. After caudal 
or lumbar epidural injection, Tmax is prolonged up to 2 
hours in infants and Cmax is increased.16 This atypical 
pharmacokinetic profile may be explained by factors 
such as enzyme immaturity, slower systemic uptake, and 
decrease in distribution volume.17,18 Intrinsic vasocon-
strictive properties of ropivacaine also may play a role in 
the same way as addition of epinephrine. This significant 
increase in both Cmax and Tmax values must be kept in 
mind because surgeries in infants are brief and the young 
patient may have left not only the operating room but 
also the postanesthesia care unit (PACU) less than 2 hours 
after the caudal or epidural procedure was performed—
that is, before peak plasma concentration was reached.
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Importantly, levobupivacaine displays a similar phar-
macokinetic profile. After caudal injection of levobupi-
vacaine 2 mg/kg in infants younger than 2 years of age, 
the Cmax range is 0.41 to 2.42 μg/mL (0.91 ± 0.40 μg/mL),  
which is higher than the Cmax reported after caudal injec-
tion of the same dose of racemic bupivacaine.19 Tmax 
values also are delayed (50 minutes versus 30 minutes) 
in infants younger than 3 months of age as a result of 
reduced plasma clearance.20

When repeat injections are considered, the epidural 
dose must be reduced to keep Cmax values in the same 
range as that resulting from the first injection. For the 
second injection, the following recommendations can be 
made:

 •  Reduce the dose to one third of the initial dose and 
do not inject it less than 30 minutes (lidocaine, 
mepivacaine, prilocaine) or 45 minutes (bupivacaine, 
levobupivacaine, ropivacaine) after the first injection

  

or

 •  Inject half of the initial dose, but 60 minutes (lidocaine, 
mepivacaine, prilocaine) or 90 minutes (bupivacaine, 
levobupivacaine, ropivacaine) after the first injection.

  

If reinjections are necessary, dosing should be further 
reduced to half of the second dose (i.e., one sixth of the 
initial dose) while respecting the same delay as for the 
second injection.

Continuous infusions aim to produce a steady-state 
concentration at the twenty-fourth hour postoperatively. 
This goal is easily achieved in adolescents with infusion 
rates of approximately 0.3 mg/kg/hr of bupivacaine and 
levobupivacaine or 0.4 mg/kg/hr of ropivacaine.

In infants, infusion rates must be reduced,21,22 not 
exceeding 0.2 mg/kg/hr with bupivacaine (or equipotent 
doses of other local anesthetics) in infants younger than 
4 months and 0.25 mg/kg/hr in older infants. Infants 
younger than 4 months (occasionally up to 9 months) 
may develop systemic toxicity even at these “safe” infu-
sion rates with racemic bupivacaine because no steady-
state plasma concentration is reached, even at the 
forty-eighth hour. In this age group, levobupivacaine23 or 
ropivacaine24 instead of racemic bupivacaine is preferred 
because stable plateau concentrations are obtained from 
the twenty-fourth hour onward.

aBsorPtion From other injeCtion sites. Absorption of 
local anesthetics deposited along mucous membranes 
is increased in infants.9 Mucosal topical anesthesia has 
long been considered contraindicated in this age group. 
However, the technique can be safely used with certain 
precautions—selection of specific transmucosal patches25 
or sprays with diluted lidocaine26,27 and recognition that 
topical lidocaine exaggerates laryngomalacia.28

After cutaneous application of EMLA (lidocaine and 
prilocaine) cream, peak plasma concentrations occur 4 
hours later and remain low29—less than 200 ng/mL for 
lidocaine and less than 131 ng/mL for prilocaine, even in 
infants younger than 6 months of age.

Absorption of local anesthetics from compartment 
blocks (e.g., fascia iliaca, umbilical, ilioinguinal, pudendal 
blocks) follows the same biphasic curve as for the epidural 
space.30-33 Because of the extended surface of absorption, 
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njection of highly concentrated solutions of local anes-
hetics often leads to high, occasionally potentially toxic 
eak plasma concentrations, especially with 0.5% ropiva-
aine,33 whereas use of more diluted solutions results in 
ather low plasma concentrations.

Absorption from peripheral conduction blocks also 
ollows a similar biphasic curve with different Cmax and 

Tmax values depending on the local anesthetic, the addi-
ion of epinephrine, and the site of injection; the more 
istal the injection, the slower is the absorption process 
as in adults).

Pulmonary extraCtion. After they have reached the 
venous bloodstream and undergone plasma protein link-
age and erythrocyte storage, aminoamides reach the right 
cardiac cavities and then the pulmonary circulation, from 
which they are extracted by the lung. Their plasma con-
centration in pulmonary veins and then in systemic arte-
rial circulation (especially coronary and cerebral arteries) 
is consistently decreased. Thus, pulmonary extraction 
represents a temporary protection against systemic tox-
icity. However, certain medical conditions suppress this 
protective effect. Some medications such as propranolol 
decrease pulmonary extraction in a clinically relevant 
way. Also, children with right-to-left shunts undergo 
considerable increase in arterial plasma concentration of 
local anesthetics because of pulmonary bypass; even with 
small doses of local anesthetics they can develop systemic 
toxicity.34

distriBution Volume. After intravenous (IV) injection, 
distribution volume at the steady state (Vdss) is 1 to 2 L/
kg for all aminoamides (Table 92-2). After administration 
at other sites, calculated distribution is increased, often 
considerably, because of the “flip-flop” effect, especially 
for long-lasting local anesthetics. In infants and neonates, 
owing to higher extracellular fluid content (Table 92-3), 
the distribution volume of all local anesthetics is greater 
than in adults, the consequences of which are (1) signifi-
cant decrease in peak plasma concentration of all local an-
esthetics, thus decreasing the danger of systemic toxicity 
after a single dose, and (2) accumulation with reinjections, 
which increases drug plasma concentration and elimina-
tion half-life while concomitantly decreasing clearance.

hePatiC extraCtion and ClearanCe oF aminoamides. 
Short-acting local anesthetics undergo high hepatic ex-
traction (0.65 to 0.75 ratio for lidocaine), which depends 
mainly on hepatic blood flow and not much on their 
plasma concentration. Only limited pediatric data are 
available for levobupivacaine. After a single injection, 
the clearance of levobupivacaine increases during the 
first months of life, but during continuous infusion (even 
with 0.0625% levobupivacaine), it tends to decrease al-
most to the same extent as for racemic bupivacaine, and 
plasma concentrations do not reach a plateau.20

PlaCental transFer. In pregnant women, placental ex-
raction may consistently affect tissue distribution of local 
nesthetics. Protein binding influences placental transfer. 
he concentration ratio between umbilical venous blood 
nd maternal arterial blood is approximately 0.73 for lido-
aine, 0.85 for prilocaine, but only 0.32 for bupivacaine. 
hirality may play a role, too, at least for bupivacaine,  
ecause placental transfer of dextrobupivacaine exceeds 
hat of levobupivacaine but only with solutions containing 
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TABLE 92-2 AGE-RELATED DIFFERENCES IN PHARMACOKINETIC PARAMETERS OF AMINOAMIDES

Local Anesthetic Protein Binding (%) Vdss (L/kg) Clearance (mL/kg/min) Elimination Half-Life (hr)

Lidocaine
 Neonate 25 1.4-4.9 5-19 2.9-3.3
 Adult 55-65 0.2-1.0 11-15 1.0-2.2
Mepivacaine
 Neonate 36 1.2-2.8 1.6-3 5.3-11.3
 Adult 75-80 0.6-1.5 10-13 1.7-6.9
Bupivacaine
 Neonate 50-70 3.9 (±2.01) 7.1 (±3.2) 6.0-22.0
 Adult 95 0.8-1.6 7-9 1.2-2.9
Levobupivacaine
 Infant 50-70 2.7 13.8 4
 Adult 95 0.7-1.4 28-39 1.27 ± 0.37
Ropivacaine
 Infant 94 2.4 6.5 3.9
 Adult 94 1.1 ± 0.25 4-6 1.15 ± 0.41

TABLE 92-3 VARIATION OF BODY FLUID DISTRIBUTION BY AGE GROUP

Distribution of  
Body Fluids

Preterm  
Neonates (%)

Full-Term  
Neonates (%) Infants (%) Children (%) Adults (%)

Total body fluids 80-85 70-75 65 55-60 50-55
Intracellular 20-25 30-35 35 35-40 40-45
Extracellular 55-60 45 30 20-25 20
epinephrine.35 Most aminoesters undergo such a rapid 
plasma hydrolysis that placental transfer is not an issue. 
Tetracaine and cocaine, the hydrolysis of which is slow, 
are used only for topical applications or (tetracaine only) 
spinal anesthesia; systemic uptake is slow and plasma 
concentrations remain extremely low and, thus, are not 
issues again for placental transfer.

meTaboliSm. Aminoesters are rapidly hydrolyzed by 
plasma cholinesterases. This enzymatic activity is low 
at birth (but no adverse clinical consequences are to be 
feared) and gradually reaches adult levels by 1 year of 
age.36 Chloroprocaine is eliminated at the fastest rate (4.7 
mol/mL/hr), procaine at a slower rate (1.1 mol/mL/hr), 
and cocaine at only 0.3 mol/mL/hr. Procaine and chlo-
roprocaine are also metabolized, in part, by hepatic cho-
linesterases.

Aminoamides are metabolized within the liver, where 
they are subjected to two types of enzymatic reactions. 
Phase I reactions occur first, during which oxidation of 
the amide link is achieved within hepatic microsomes 
by the cytochrome P (CYP)450 enzyme superfamily, 
then phase II reactions, during which glucuronic acid or 
aminoacid residues are appended to phase I metabolites, 
produce atoxic and hydrosoluble compounds, which are 
thus easily eliminated from the body.

CYP450 enzymatic activities are reduced during the 
first months of life. Bupivacaine is mainly metabolized 
by CYP3A4 in adults, but this enzyme is defective in 
infants. However, fetal CYP3A7 remains very active in 
infants, thus allowing metabolism of bupivacaine to be 
almost as effective as with CYP3A4.9 Ropivacaine and 
levobupivacaine20 are metabolized by CYP1A2, which 
is not fully functional before the third year, and, to a 
minor extent, by CYP3A4. This enzyme immaturity is 
clinically relevant but with limited consequences (lower 
clearance, delayed Tmax and, for ropivacaine only, 
increased Cmax but within clinically acceptable levels): it 
does not preclude administering these local anesthetics 
in neonates and infants.

Phase II reactions, especially glucuroconjugation, are 
immature at birth and remain so until the third year of 
life. However, other conjugation pathways such as sulfo-
conjugation are active and quite effective during the first 
months of life.

eliminaTion half-life. Elimination half-life (t½β) depends 
on both distribution and metabolism. It can be calculated 
using the formula below (Cp is the plasma clearance and 
Vdss the distribution volume at the steady state):

 t1/2
β = (0.693 × Vdss)/Cp 

Basically t½β is the same in children older than 1 year 
of age and adults, mainly because the increase in Vdss is 
compensated by concomitant increase in Cp (related in 
part to higher hepatic blood flow in children, whose liver 
accounts for 4% of body weight, versus only 2% in adults). 
Before the age of 1 year, Cp is low and elimination half-
life of all local anesthetics is prolonged (see Table 92-2), 
thus favoring accumulation with repeat injections. Nev-
ertheless, Bricker and colleagues37 measured no consis-
tent differences in pharmacokinetic parameters between 
infants and adults.

SySTemic ToxiciTy. Clinical signs of neurologic toxicity 
have been reported with plasma concentration rang-
ing from 7 to 10 μg/mL for lidocaine or mepivacaine 
and 1.5 to 2 μg/mL (intraoperatively) to 2 to 2.5 μg/mL  
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(postoperatively) with bupivacaine. However, plasma 
concentrations of bupivacaine higher than 4 μg/mL 
have been reported without evidence of clinical toxicity. 
From studies in adult volunteers, the following thresh-
olds of toxicity of the unbound form of local anesthetics 
have been defined:

 •  0.3 μg/mL for unbound bupivacaine
 •  0.6 μg/mL for unbound levobupivacaine or ropivacaine
  

Because plasma protein binding is lower in infants, haz-
ards of systemic toxicity might be increased, the more 
so as cardiac toxicity is usually concomitant with, not 
preceded by, central nervous system toxicity. For further 
information on local anesthetics, see Chapter 36.

Opioids
Elimination half-life of neuraxial opioids is consider-
ably increased in neonates and infants.38 After epidural 
injection, morphine reaches its peak concentration 
in plasma within 10 minutes, but this concentration 
is very low and unable to provide clinically relevant 
analgesia.39,40 Elimination half-life from cerebrospi-
nal fluid (CSF) is similar to that from plasma, but CSF 
concentrations are very high after epidural injection; 
therefore, it takes 12 to 24 hours before they decrease 
below minimal effective concentrations (near 10 ng/
mL). Consequently, vital parameters of children given 
neuraxial opioids must be monitored for 24 hours and 
are not eligible for outpatient surgery. Usual doses of 
neuraxial narcotics are listed in Table 92-4. Short-act-
ing lipid-soluble opioids (fentanyl, sufentanil) can be 
used, but, as in adults, they do not significantly pro-
long postoperative pain relief unless repeat injections 
are given or a continuous infusion is established. Their 
analgesic effect is mainly a systemic effect, and the 
patient may experience acute respiratory depression 
(sudden apnea); this condition is very different from 
the progressive and delayed respiratory depression, 
preceded by generalized pruritus, sedation, and brad-
ypnea, reported after excessive doses of epidural and 
intrathecal morphine.

TABLE 92-4 COMMONLY USED ADDITIVES AND 
RECOMMENDED DOSES IN PEDIATRIC REGIONAL 
ANESTHESIA

Additive
Recommended 
Doses

Maximum 
Doses

Morphine
 Epidural 30 μg/kg 50 μg/kg
 Intrathecal 10  μg/kg 20 μg/kg
Fentanyl (epidural) 1-1.5 μg/kg 2.5 μg/kg
Sufentanil (epidural) 0.25-0.5 μg/kg 0.75 μg/kg
Clonidine (epidural or 

along peripheral nerves)
1-1.5 μg/kg 2 μg/kg

Ketamine* (epidural or 
occasionally along 
peripheral nerves)

0.5 mg/kg 1 mg/kg

*Preservative-free ketamine (preferably preservative-free S-ketamine).
Other Additives
Epinephrine 5 mg/L or 1/200,000 concentration is fre-
quently coadministered with local anesthetics to decrease 
plasma peak concentration30 and prolong the duration 
of blockade, especially in children younger than 4 years 
of age.41,42 Another benefit expected from epinephrine 
is early detection of accidental IV injection (test dose) 
because young children are very sensitive to arrhythmo-
genic properties of epinephrine. Neuraxial epinephrine 
has long been suspected to elicit spinal ischemia: even 
though this fear proved to be unfounded, many anes-
thesiologists recommend using lower concentrations of 
epinephrine (2.5 mg/L or 1/400,000) in local anesthetic 
solutions administered to neonates and infants; at such 
concentrations, the absorption rate of caudal bupivacaine 
is decreased by 25%.42

Clonidine, like epinephrine, is an α2-adrenergic ago-
nist that offers several benefits in children when added 
to local anesthetics either neuraxially43-45 or peripher-
ally (see Table 92-4)46; it increases (by a factor of ∼2) 
the duration of nerve blockade without eliciting hemo-
dynamic disorders, decreases plasma peak concentration 
of the local anesthetics, and produces a slight sedation 
for 1 to 3 hours postoperatively (which does not pre-
clude hospital discharge). Addition of clonidine often 
makes unnecessary the placement of a catheter to pro-
long postoperative pain relief, thus reducing morbidity 
and costs. However, its clearance in neonates is approxi-
mately one third of that in adults owing to immature 
elimination pathways47 and several instances of respira-
tory depression in neonates and small infants have been 
reported48,49; this additive should be avoided during the 
first 6 months of life.

Ketamine, especially S-ketamine, is an interesting 
adjuvant because of its blocking effects on N-methyl-
d-aspartate receptors and interaction with sodium 
channels in a local anesthetic–like fashion (it shares a 
binding site with local anesthetics). Coadministered at a 
dose of 0.25 to 0.5 mg/kg, ketamine prolongs the dura-
tion of analgesia for many hours44,50 with no significant 
adverse effects.

Many other agents have been occasionally used as 
adjuvants to local anesthetics.51 Even though some 
of them proved to have analgesic properties (corti-
costeroids, buprenorphine, neostigmine, tramadol, 
midazolam, and biodegradable bupivacaine and poly-
ester microspheres), they all produce significant adverse 
effects that preclude their use in most patients. Further-
more, their administration to pediatric patients raises 
ethical questions, and they are not approved for pedi-
atric use.

PHYSIOLOGIC FACTORS

Surgery generates a neuroendocrine stress response in 
neonates, infants, and children,4,52 resulting in unde-
sirable alterations of the metabolic state and immune 
function.53 Epidural anesthesia diminishes or even sup-
presses this stress response.54-56 Central blocks do not 
affect left ventricular function and are virtually free of 
measurable hemodynamic effects, at least up to the age 



of 8 years.57,58 Epidural anesthesia does not result in sys-
temic or pulmonary hemodynamic changes as measured 
by mean blood pressure, end-diastolic diameter of the 
left ventricle, ejection fraction of the left ventricle, and 
mean velocity circumferential fiber shortening.59 How-
ever, pulmonary Doppler flow velocity is decreased dur-
ing epidural anesthesia, probably owing to an increase in 
the pulmonary arterial resistance. Preloading with saline 
is not recommended in children, and, even in adoles-
cents, fluid therapy or injection of vasoactive agents is 
rarely required.

PSYCHOLOGICAL FACTORS

Children are frightened by new environmental condi-
tions in the operating room, and most of them cannot 
cope with their anxiety.60,61 They feel abandoned by 
their parents and exposed to strangers who are threaten-
ing them with needles. Furthermore, children younger 
than 10 years of age have not acquired their complete 
body image and cannot clearly make a distinction 
between adjacent parts of their body such as forearm 
and arm. Young patients cannot understand the con-
cepts of paresthesia and differential blockade (“touch” 
is not “pain”). Thus, localization of nerve trunks and 
anatomic spaces requires using physical methods inde-
pendent of the patient’s cooperation (loss of resistance 
seeking, neurostimulation, ultrasound techniques). 
Infants and most children cannot cope with their anxi-
ety and fear of needles; therefore, sedation or light gen-
eral anesthesia is mandatory before block procedure to 
avoid panic attacks and unwanted movements during 
the procedure.

Regional anesthesia has a significant psychological 
impact. A pain-free postoperative course improves the 
morale of the patient, the family, and the nurses. Sur-
geons are happy to examine quiet, alert, and manageable 
patients. Occasionally, negative psychological effects 
can be observed—persistent motor (even sensory) blocks 
postoperatively may be frightening to some children (3 to 
5 years of age especially) and their parents even though 
precise explanations had been given preoperatively as 
to the expected course of events during the postopera-
tive period. Offering friendly environmental conditions, 
empathy, and additional explanations on local anesthetic 
pharmacology can reduce this postoperative anxiety. 
It should be kept in mind that a motor block must be 
avoided when not absolutely required for surgery.

INDICATIONS, CONTRAINDICATIONS, 
AND COMPLICATIONS

INDICATIONS

Indications for regional anesthesia in children are not 
identical to those in adults, not only because surgical 
pathologic processes are quite different but also because 
regional block procedures are used as techniques of anal-
gesia in anesthetized children rather than in conscious or 
lightly sedated adult patients.
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Anesthetic Indications
Some children and adolescents are occasionally willing 
to undergo their surgery under regional anesthesia while 
remaining conscious. If a regional block can provide ade-
quate analgesia, there is no reason to refuse such manage-
ment, especially for short-duration surgery. Occasionally, 
such a management approach can be considered in chil-
dren at risk for severe complications during general anes-
thesia from certain problems, such as the following62:

 •  Testicular torsion or incarcerated hernia at immediate 
risk for rupture in nonfasted children

 •  Inguinal hernia repair in former preterm infants 
younger than 60 weeks of postconceptual age who are 
at risk for developing severe postoperative apnea

 •  Severe acute or chronic respiratory insufficiency
 •  Emergency conditions in children with severe 

metabolic or endocrine disorders
 •  Neuromuscular disorders, myasthenia gravis, or some 

types of porphyria
 •  Some types of polymalformative syndromes and 

skeletal deformities
  

Cervical instability (making tracheal intubation a risk 
for tetraplegia) is constant in Chiari syndrome and com-
mon in achondroplasia and Down syndrome. Patients 
with facial deformities, microstomia, and mandible 
abnormalities can be difficult to intubate, thus making 
general anesthesia a less attractive technique. Also, infants 
with epidermolysis bullosa are extremely difficult to man-
age under general anesthesia; occasionally, regional block 
procedures may represent an alternative with lower mor-
bidity.63-65 Trauma patients with extremity lesions may 
greatly benefit from peripheral nerve block for alleviat-
ing pain without impeding monitoring of head trauma or 
hemodynamic disorders and allowing wound dressing as 
well as temporary stabilization of fractures, provided that 
appropriate precautions are taken to avoid hiding devel-
opment of compartment syndromes (see later).

Intraoperative and Postoperative Analgesia 
and Procedural Pain
Analgesia is currently the main indication for regional 
blocks in children because they offer the best benefit-to-
risk ratio for many outpatient and inpatient surgeries: 
orthopedic (including scoliosis surgery), thoracic, uro-
logic, and upper and lower abdominal surgeries.66-68 Car-
diac surgery is a more controversial indication,69,70 and 
many anesthesiologists are reluctant to perform neuraxial 
blocks in children scheduled to receive anticoagulants.

Procedural pain can easily be anticipated and thus pre-
vented mostly by topical anesthesia or infiltration tech-
niques.71-73 The indications for perineural catheters depend 
on the expected duration of postoperative pain.74 Also, sur-
gery associated with intense postoperative pain (major ortho-
pedic surgery, hand or foot amputation) and postoperative 
pain management or painful physical therapy necessary 
for several days (knee or ankle arthrolysis, knee ligamento-
plasty) are excellent indications for catheters. Nevertheless, 
it is important to verify the absence of any possible inter-
ference in the postoperative course; the catheter technique 
should not risk compromising the outcome of surgery.
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A comparative evaluation of suitability, and benefit
to-risk ratio for most regional techniques is provided in
Table 92-5.

Management of Nonsurgical Pain
Relief of pain associated with some medical condition
such as herpes zoster, acquired immunodeficiency syn
drome (AIDS), mucosal and cutaneous lesions, and can
cer can be achieved using regional block techniques.75,7

Children with sickle cell disease may greatly benefit from
epidural analgesia during vaso-occlusive crisis or thoraci
syndromes with intractable pain by other means, pro
vided that pain is localized to limited areas and concomi
tant fever is not due to bacteremia.77,78

Chronic Pain Relief and Palliative Care
Chronic pain is less unusual in children than com
monly believed, and regional techniques such a
epidural anesthesia, stellate ganglion blockade, or con
tinuous peripheral nerve blocks may help treat thi
condition, especially in case of phantom limb pain
and complex regional pain syndrome, leading to pain
 

 

 
 
 

 

 
 
 

reduction (minimal pain scores), physiotherapy facili-
tation, and functional rehabilitation.79 Treatment of 
intractable refractory pain from a chronic dislocated 
left hip with long-time perineural catheter has been 
described.80 Erythromelalgia, a rare but extremely pain-
ful condition, can be successfully relieved by continu-
ous epidural analgesia.81 Cancer pain resulting from 
either primary tumor or metastases also can be con-
trolled by regional techniques when other medications 
fail or produce too many adverse effects. Virtually all 
techniques of regional anesthesia have been reported 
in this ultimate management of pain in children, from 
epidural analgesia to intrathecal infusions to celiac or 
brachial plexus block.82,83

Nonanalgesic Indications
For certain medical conditions, analgesia is not the only 
benefit expected from regional blockade. Sympathetic 
blockade is essential to protect and improve blood sup-
ply to an upper or lower extremity in a context of severe 
trauma. Also, continuous epidural blockade proved to be 
effective in treating vascular insufficiency resulting from 
TABLE 92-5 EVALUATION OF THE SUITABILITY AND BENEFIT-TO-RISK RATIO AND FEASIBILITY WITH 
ULTRASOUND GUIDANCE OF MOST TECHNIQUES OF REGIONAL ANESTHESIA IN CHILDREN

Technique
Ease of 
Performance

Benefit-to-Risk 
Ratio

Feasibility With 
Ultrasound Catheter Placement

Central blocks
Spinal block
Caudal block
Lumbar epidural anesthesia
Thoracic epidural anesthesia
Sacral epidural anesthesia
Cervical epidural anesthesia

+ to ++
+++
+++
+++
++
Avoid

+++
++++
+++
+++
++
Very low

Mild
Easy
Difficult
Difficult
Difficult
Avoid

No
Occasionally
Yes
Yes
Yes
Avoid

Limb plexus and peripheral nerve conduction blocks
Interscalene block
Parascalene block
Subclavicular block
Axillary block
Psoas compartment block
Femoral block
Proximal sciatic blocks
Subgluteal sciatic block
Popliteal sciatic block
Distal block

++
+++
+++
++++
+++
+++
++ to +++
+++
+++
++ to +++

++
++++
+++
++++
++
++++
+++
++++
++++
+++

Mild
Mild
Mild
Easy
Difficult
Easy
Mild
Easy
Easy
No

Occasionally
Yes
Yes
Occasionally
Occasionally
Yes
Yes
Yes
Yes
No (except tibial 

nerve at ankle)
Truncal compartment blocks
Intercostal block
Intrapleural block
Thoracic paravertebral block
Rectus sheath block
Ilioinguinal-iliohypogastric nerve block
Transabdominis plane block
Penile block
Pudendal nerve block

++
++++
++
++++
++++
++++
++++
+++

+
0 to +
+
+++
+++
+++
++++
+++

No
No
Difficult
Easy
Easy
Easy
Mild
Difficult

Occasionally
Yes
Yes
No
Occasionally
Occasionally
No
No

Facial blocks
Trigeminal superficial block
Suprazygomatic maxillary nerve block
Mandibular nerve block

++++
+++
+++

++++
+++
+++

Mild
Mild
Difficult

No
Occasionally
No

Other techniques
Bier block
Wound infiltration
Topical anesthesia

++ to +++
++++
++++

+
+++
++++ (skin)

No
No
No

No
Yes
No
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Kawasaki disease, accidental intraarterial injection of an 
anesthetic drug,84 penile block with a local anesthetic 
containing epinephrine, and severe frostbite. Axillary 
and stellate ganglion blocks have also successfully treated 
acute vascular insufficiency of the upper limb.85

CONTRAINDICATIONS AND LIMITATIONS

Absolute Contraindications to Neuraxial 
Blocks
Medical conditions that contraindicate neuraxial blocks 
in children are (1) severe coagulation disorders, which 
may be constitutional (hemophilia), acquired (dissemi-
nated intravascular coagulation), or therapeutic; (2) 
severe infection such as septicemia or meningitis; (3) 
hydrocephaly and intracranial tumoral process; (4) true 
allergy to local anesthetics (a very rare condition even 
with aminoesters); (5) certain chemotherapies (such as 
with cisplatin) prone to induce subclinical neurologic 
lesions that can be acutely aggravated by a block proce-
dure; (6) uncorrected hypovolemia; and (7) cutaneous or 
subcutaneous lesions, whatever their nature (infection, 
angioma, dystrophic or tumoral, tattoo) at the contem-
plated site of puncture. Parental refusal is a nonmedical 
absolute contraindication.

Depending on the clinical condition of the patient and 
the possibility to cure (at least temporarily) the imped-
ing disorder, a regional block may be considered in spite 
of the existence of a contraindication. After correction 
of hypovolemia, injection of factor VIII to a hemophilic 
child, or effective antibiotic treatment of a septicemic 
patient,86 a central block may be performed, provided 
that the expected benefits consistently outweigh the risks 
by comparison with other techniques of analgesia. Also, 
some authors consider it acceptable to perform a caudal 
block in children with shunt devices under protection of 
antibioprophylaxis.87

Absolute Contraindications to Peripheral 
Nerve Block Procedure
True allergy to local anesthetics is the only absolute 
medical contraindication to peripheral nerve blocks. 
Coagulation disorders are less hazardous than dur-
ing neuraxial blocks, but it is prudent to avoid tech-
niques with a danger of arterial trauma, especially in 
an area where compression is difficult or impossible 
(supraclavicular brachial plexus block, psoas compart-
ment block). Septicemia does not necessarily contrain-
dicate peripheral nerve blockade if expected benefits 
are significant. Local skin infection at the puncture 
site should be considered before performing a periph-
eral nerve block, especially if a catheter is implanted. 
Hypovolemia should preferably be corrected but does 
not preclude peripheral blocks because hemodynamic 
consequences are minimal.

Patients at Risk for Compartment Syndrome
Because pain is one of the cardinal symptoms of a compart-
ment syndrome, any pain treatment, including regional 
anesthesia, is often claimed to be contraindicated because 
it can suppress this manifesting symptom, thus delaying 
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 rescuing surgery. Such a refusal of pain manage-
nt is not acceptable either medically and ethically.88 
ctures are very frequent in the pediatric population, 
ereas compartment syndromes are very rare; whether 
not a compartment syndrome is in progress, intense 
n is a constant feature. Adequate pain management, 
luding continuous epidural analgesia,89 does not pre-
de early diagnosis, and this fact was confirmed by the 
ional Pediatric Epidural Audit in Great Britain.90

xcruciating pain is not a “manifesting” symptom but 
te—possibly too late—symptom of compartment syn-
me. Patients at risk should be monitored adequately, 
ich is not done most of the time even in university 
pitals, and precautions must be taken—that is, avoid-
e of closed plaster casts; elbow immobilization with 
angle greater than 90 degrees91 closed reduction of 
racondylar fractures of the humerus, repeat clinical 
luation of the distal perfusion and tissue oxygenation 
he limb; and noninvasive monitoring of the intracom-
tmental pressure, even though this monitoring is not 
% reliable. If the risk is considered high (e.g., displaced 
eral fractures, intramedullary nail fixation of tibia or 

ius, obtunded patients), intracompartmental pressure 
se to the fracture site should be invasively monitored. 
 procedure is easy and almost inexpensive, requiring 
y a venous cannula, an IV line, and a pressure gauge 
for central venous pressure measurement).92,93

moglobinopathies
ildren with sickle cell disease are prone to develop 

olysis in case of desaturation and undergo repeat 
sodes of extreme pain as a result of extended micro-
omboses when local blood flow slows down (e.g., 

oconcentration, shock, surgical tourniquet).94 In 
 case of a danger of hypoxemia (respiratory disease) 
hemodynamic disorders (surgery known to produce 
ificant blood loss, tourniquet placement), regional 
ecially neuraxial) blocks should be avoided.

ne and Joint Deformities
or or localized malformations of the spine (hemiver-

ra, spina bifida occulta, Scheuermann disease) do not 
clude neuraxial blocks, whereas extended malforma-
s of vertebrae, spinal fusion, myelomeningoceles, 
n spina bifida, and major spondylolisthesis are con-
ndications. Tethered cord syndrome is not unusual 
 is often misdiagnosed. Neuraxial blockade may 

rease the overall morbidity of patient management 
ause it facilitates excessive bending or extension of 
 spine that can occasionally damage the spinal cord 
manently. The diagnosis must be suspected if a clump 
airs or a dystrophic lesion of the skin is present at the 
er extremity of the spinous process line or in the case 
minor neurologic disorders involving pelvic nerves 
nimal sphincter disorders, perineal dysesthesia). Even 
ugh some authors consider that this condition is not a 
traindication,95 it is preferable to select another tech-
ue of analgesia than epidural blockade. Many pedi-
c syndromes, cerebral palsy, and kyphoscoliosis are 
ciated with bone and joint deformities that represent 

re of a technical difficulty than a contraindication to 
forming a regional block.
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Preexisting Neurologic Disorders  
or Diseases
Controlled epilepsy is not a contraindication to regional 
anesthesia, including neuraxial blockade. Preexisting 
central nervous system disorders and degenerative axo-
nal diseases have long been considered to be contrain-
dications, at least relative, even though no data support 
the hypothesis that a regional block could worsen their 
course.96 A recent pediatric study involving 139 patients 
showed that preexisting neurologic disorders were not 
associated with bad neurologic outcome (rather, the 
reverse was observed) after central block procedures.97

COMPLICATIONS

Complications of regional anesthesia are basically the 
same as in adults. The complication rate found recently 
in a large epidemiologic study was 0.12%, with two major 
risk factors—age and the central blocks.98 They can be 
classified as local, regional, and general (or systemic).

Local Complications
The four main types of local complications are as follows:

 1.  Inappropriate needle insertion damaging the nerve 
and surrounding anatomic structures

 2.  Tissue coring and introduction of epithelial cells into 
tissues where they do not belong and where they can 
develop as compressive tumors (especially in the spi-
nal canal)99

 3.  Injection of neurotoxic solutions (syringe mismatch, 
epinephrine close to a terminal artery)

 4.  Leakage around the puncture site, especially when a cath-
eter has been introduced, which may cause partial block 
failure and favor bacterial contamination (very rare)

  

These local complications are easily avoidable by using 
adequate devices and applying standard precautions 
(appropriate dressing and bacterial precautions). Tun-
neling the catheter and applying a slightly compressive 
dressing can reduce leakage around the catheter.

Local anesthetics are locally toxic. Myelin, effective 
protection of nerve roots, is less abundant or absent in 
children, potentially making the nerves more sensitive to 
local anesthetics. In animals, it has been clearly demon-
strated that the sensitivity of nerve fibers to local anes-
thetics is inversely correlated with age.100 However, in 
most cases, perineural injection is around muscle. The 
myotoxicity of local anesthetics has been previously dem-
onstrated in humans and animals,101 primarily through 
mitochondrial damage. This also has been demonstrated 
in young animals.102 By comparing continuous bupiva-
caine perineural administration in adult rats and young 
rats, the authors showed that muscle, mitochondrial, and 
ultrastructural toxicity was significantly greater in the 
juvenile group,102 thus emphasizing the need to use lower 
dosages in younger patients.

Systemic Complications
Systemic complications usually result from accidental IV 
injection of local anesthetics or, less frequently, excessive 
dosing.10,103 Systemic toxicity is essentially of two types: 
neurologic and resulting from heart failure by blocking 
sodium and potassium channels. Early signs of neuro-
logic toxicity (tinnitus, malaise, metallic taste in the 
mouth) are unfortunately masked by general anesthesia. 
The main events are heart conduction disorders, cardiac 
arrhythmias (bradycardia or tachycardia), and atrioven-
tricular block. QRS widening, bradycardia, and torsade de 
pointes are followed by ventricular fibrillation, asystole, 
or both.104 Nevertheless, signs of cardiac and neurologic 
toxicity occur at lower plasma concentrations of bupi-
vacaine than ropivacaine.105 This toxicity may be aggra-
vated by a decrease in plasma binding protein, mainly 
α1-glycoprotein acid, resulting in a greater proportion of 
the unbound form of local anesthetic. The plasma con-
centration of this protein is low at birth, tends to increase 
with the age of the child to reach values equivalent to 
those of adults at the age of 10 months.106 However, spe-
cial care must be taken during continuous injections; 
the dosage of local anesthetic should be systematically 
reduced in very young children or after prolonged admin-
istration (>48 hours).

Systemic complications can be life-threatening and 
should be managed in the same way as in adults. The 
major difference between adults and children is that 
cardiovascular complications are not preceded by neu-
rologic signs but are concomitant with cerebral toxic-
ity.107 In addition to pharmacokinetic factors, the rapid 
heart rate of children may increase the risk for cardiac 
toxicity induced by local anesthetic toxicity. Even if toxic 
events occur with ropivacaine, small doses of epineph-
rine should produce rapid recovery. Impaired ventricular 
conduction is the primary manifestation of local anes-
thetic toxicity. Treatment includes oxygenation, car-
diac massage, and epinephrine, which is given in small 
incremental boluses beginning with 1 to 2 μg/kg.108 If 
ventricular fibrillation persists, defibrillation (2 to 4 J/kg)  
is performed. Although resuscitation measures must be 
initiated immediately, the specific treatment of local anes-
thetic toxicity is rapid administration of Intralipid (Kabi-
vitrum, Stockholm, Sweden). The recommended dose 
of 20% Intralipid for pediatric patients is 2 to 5 mL/kg  
by IV bolus. If cardiac function does not return, this dose 
(up to 10 mL/kg) is repeated.9

Epidemiology
Available pediatric information is limited. The first 
report of the American Society of Anesthesiologists 
(ASA) closed malpractice claims contained 238 pediat-
ric cases (10% of claims), but only 7 involved children 
given a regional block procedure109; however, at that time 
regional anesthesia was not commonly used in American 
children, making this apparently low rate of complica-
tions meaningless. In 1996, the 1-year prospective study 
of the French-Language Society of Pediatric Anesthe-
siologists evaluated 85,412 pediatric anesthetic proce-
dures, including 24,409 involving regional anesthesia.110 
Twenty-three complications (no sequelae, no death, and 
no legal consequences) were found, all following neur-
axial blocks. In 2000, the Australian Incident Monitor-
ing Study111 included 2000 claims involving 160 pediatric 
cases with a regional block procedure (83 epidurals, 42 
spinals, 14 brachial plexus, 4 Bier blocks, 3 ophthalmic 
blocks, and 14 local infiltrations). The largest single cause 



of complications was circulatory problems, 24 drug errors 
(including 10 “wrong drugs” and 14 “inappropriate use”) 
were found. In 2007, the British National Pediatric Epi-
dural Audit90 reported 96 incidents in 10,633 epidural 
blocks performed, as follows:

 •  Fifty-six (0.53%) were associated with the insertion or 
maintenance of epidural anesthesia, and most were of 
low severity; only one child had residual effects from 
cauda equina syndrome (after a programming error of 
the infusion pump).

 •  Forty (0.38%), mainly pressure sores,31 were believed to 
be associated with the epidural infusion technique.

  

A significantly higher rate of incidents occurred in the 
neonatal age group, mainly because of drug errors (13 cases) 
and local anesthetic toxicity (1 case); these incidents were 
not related to catheter insertion. Twenty-eight infection-
related incidents occurred, of which 85% were relatively 
minor skin infections; caudal catheters did not result in 
increased incidence of infections. Six children older than 
8 years of age had mild postdural puncture headache. Four 
patients developed a compartment syndrome, but the con-
dition was not masked by the epidural infusion.

From November 2005 to October 2006, a large epide-
miologic study recorded the characteristics and develop-
ments of regional anesthesia in children in 47 French 
hospitals.98 As previously demonstrated by Rochette and 
colleagues,112 the authors reported a radical change in 
regional practice among French anesthesiologists with a 
transition from using predominantly neuraxial blocks to 
peripheral nerve blocks, including catheter techniques. 
A recent 1-year prospective survey of regional anesthesia 
evaluated complications and side effects on 31,132 cases 
of regional anesthesia. Complications (41, involving 40 
patients) were rare and usually minor and did not result 
in sequelae. The study recorded a very low overall rate 
of complications of 0.12%, significantly six times lower 
for peripheral blocks than for neuraxial blocks. Age was 
also a risk factor, because the incidence of complications 
was higher before 6 months of life than after (0.4% versus 
0.1% after 6 months of life). Fifteen cases of cardiotoxic-
ity were observed, of which 87% occurred with a central 
block. The occurrence of complications does not seem to 
increase with the use of catheters.

In conclusion, regional block procedures—mainly 
neuraxial blocks—are associated with the occurrence of 
adverse incidents (∼0.5%) that are mostly minor but occa-
sionally severe. The majority of these complications result 
from insufficient precautions at the time of the block pro-
cedure (drug errors) and postoperatively (pressure sores). 
Also, of major importance is the fact that compartment 
syndrome is not hidden by a regional procedure provided 
that adequate monitoring is guaranteed.

SELECTION OF MATERIALS AND 
ANESTHETIC SOLUTION

SELECTION OF BLOCK PROCEDURE

Careful selection of block procedures is based first on 
anatomic considerations. Sensory blockade must cover 
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all areas from which noxious stimuli can originate (e.g., 
operative field, sites for skin or bone graft tissue, place-
ment of tourniquet or drains). Then, the potential mor-
bidity of the technique, from the medical condition of 
the patient, the requested positioning, or the “intrinsic” 
morbidity of the technique itself, must be evaluated. The 
anticipated duration of postoperative pain is the third 
most important factor to take into account because the 
regional technique should provide adequate analgesia 
until minor analgesics are sufficient. The anesthesiologist 
will select one of the following approaches:

 •  A single-shot technique with either a short-acting or a 
long-acting local anesthetic

 •  A single-shot technique with local anesthetic and 
adjuvants

 •  A catheter technique with repeat or continual injections 
of local anesthetic

SELECTION OF EQUIPMENT

Epidural anesthesia (sacral, lumbar, or thoracic) is per-
formed using Tuohy needles ranging in size from 22 to 
17 gauge and in length from 50 to 90 cm; shorter Tuohy 
needles (25 cm) would be more appropriate in neonates 
and infants but are not easily available. Caudal anesthesia 
has been performed in the past with almost all types of 
needles. This is no longer acceptable, and only short bev-
eled needles (Crawford needles) with a guide sealing their 
lumen or IV cannulas with an introducer needle should 
be used.

Spinal anesthesia in premature infants can be per-
formed using either a neonatal lumbar puncture needle 
(22 gauge) or, preferably, a thinner spinal needle (shorter 
than 50 mm). The distal end of the needle does not have 
the same importance as in adults because the incidence 
of postdural puncture headache remains (very) low in 
children and is not influenced by the design of the tip 
of the needle.113,114 What matters most is the distance 
separating the tip of the needle from its distal orifice; this 
distance must be as short as possible to avoid extradural 
leakage if the needle has not been introduced far enough 
through the dura mater. Pencil-point needles have no 
advantage in infants and young children; they do not 
improve the results and are even suspected to decrease 
the success rate by favoring subdural spread of the local 
anesthetic. A summary of recommended needles for most 
regional block procedures in pediatric patients is pro-
vided in Table 92-6.

SELECTION OF DRUG

The prerequisites for selecting a local anesthetic are not 
exactly the same in children as in adults because regional 
techniques are mostly used for analgesic purposes rather 
than anesthesia. The factors to be considered are (1) site 
and severity of surgery, (2) expected duration of intense 
postoperative pain, and (3) hospital stay versus early dis-
charge. Usual doses are listed in Table 92-7.

Lidocaine and mepivacaine are preferred for outpatient 
surgery. For inpatient surgery, ropivacaine, levobupiva-
caine, and bupivacaine are commonly used. Nevertheless, it 
is now recommended that L-enantiomers be used especially 
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TABLE 92-6 RECOMMENDED DEVICES FOR MOST REGIONAL BLOCK PROCEDURES IN CHILDREN

Block Procedure Recommended Device Alternate Device

Intradermal wheals and metacarpal blocks Intradermal needles (25 gauge) None
Subcutaneous infiltrations and field blocks Standard intramuscular needles (21-23 

gauge)
Intradermal needles (25 gauge)

Compartment blocks (thoracic 
paravertebral, rectus sheath, ilioinguinal-
iliohypogastric, pudendal, penile)

Short (25-50 mm) and short beveled (45-55 
degrees) needles

Epidural needles (intercostal block)
Neonatal spinal needle

Peripheral mixed nerve blocks and plexus 
blocks

Insulated 21-23 gauge short beveled 
needles of appropriate length connected 
to a nerve stimulator (0.5-1 mA)

Specific catheter (for continuous techniques)

Sheathed pencil-point needles
Unsheathed needles only when ultrasound 

guidance is used
Epidural catheter (for continuous 

techniques)
Spinal anesthesia Spinal needle (24-25 gauge; 30, 50 or 

100 mm long, Quincke bevel, stylet)
Neonatal lumbar puncture needle (22 

gauge, 30-50 mm long)
Whitacre spinal needle

Caudal anesthesia Short (25-30 mm) and short beveled 
(45-degrees) needle with stylet

IV cannula (22-18 gauge), especially for 
epidural catheter insertion

Pediatric epidural (occasionally spinal) 
needle

Epidural anesthesia Tuohy needle (22, 20, and 19/18 gauge); 
LOR syringe and medium epidural 
catheter

Crawford, Whitacre, or Sprotte epidural 
needles appropriately sized;

LOR syringe and medium epidural catheter

LOR, Loss of resistance.

TABLE 92-7 USUAL AND MAXIMUM RECOMMENDED DOSES OF LOCAL ANESTHETIC FOR CONDUCTION 
NERVE BLOCKS (EXCLUDING BIER BLOCKS AND SPINAL ANESTHESIA)

Local Anesthetics Usual Concentration (%)
Maximum Dose of Plain  
Solution (mg/kg)

Maximum Dose With 
Epinephrine (mg/kg)

Aminoesters
 Procaine 1-2 7 10
 Chloroprocaine 2-3 7 10
Aminoamides
 Lidocaine 0.25-2 5 (or 400 mg) 10 (or 700 mg)
 Mepivacaine 0.25-2 5-7 (or 400 mg) Not available
 Bupivacaine 0.125-0.5 2 (or 150 mg) 3 (or 200 mg)
 Levobupivacaine 0.125-0.5 3 (or 200 mg) 4 (or 250 mg)
 Ropivacaine 0.1-10 3 (or 300 mg) Not available (and not 

recommended)
for continuous infusions; they are well known for their 
lower cardiac toxicity compared with bupivacaine.115 The 
pharmacologic characteristics of ropivacaine can achieve 
a differential nerve block116 and have limited myotoxicity 
in contrast to bupivacaine.117 After extravascular injection, 
the plasma concentration of ropivacaine peaks later than 
that of bupivacaine, sometimes up to more than 2 hours 
after injection.18 This delay in the peak plasma concentra-
tion of ropivacaine usually reduces the maximum plasma 
concentration, providing some security in terms of toxic-
ity, as demonstrated in some pediatric studies.18,118 Even if 
the plasma concentration of free and total ropivacaine is 
higher in younger children, plasma concentrations of ropi-
vacaine and its main metabolite (2,6-pipecoloxylidide) are 
not influenced by the duration of infusion of local anes-
thetics. In infants younger than 3 months of age, epidural 
infusion of ropivacaine should not be maintained for more 
than 36 hours.119 The clearance of ropivacaine increases 
with age but remains unchanged throughout the infusion 
in each age category. Ropivacaine seems more appropriate, 
more predictable, and safer during continuous infusion for 
48 to 72 hours than bupivacaine; the plasma concentra-
tion of bupivacaine increases and clearance decreases in 
proportion to the duration of infusion.120 Studies exam-
ining the pharmacokinetics of local anesthetics during 
continuous perineural administration are rare in children. 
The safety of continuous regional anesthesia techniques 
in children relies on the use of low-concentration solu-
tions accompanied by low plasma concentrations of local 
anesthetics (LAs) and limit the risk for systemic toxicity of 
these molecules. Addition of clonidine or ketamine helps 
improve the quality and duration of blockade without 
precluding early hospital discharge. In many cases, these 
drugs make it unnecessary to insert a catheter and estab-
lish a continuous infusion to provide adequate postopera-
tive pain relief.
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For many years, continuous epidural anesthesia was 
the only suitable technique for treating protracted pain. 
In recent years, peripheral nerve catheter techniques have 
proved to be effective,67 with less morbidity and limita-
tions than continuous epidural blockade, even allow-
ing hospital discharge79 and management at home in 
selected pediatric patients. For these techniques, continu-
ous infusion (2 to 5 mL/hr) or on-demand injections (2 
to 5 mL) of low-concentration levobupivacaine or ropiva-
caine (0.1% to 0.2%) represents the best and safest choice.

Patient-controlled administration of continuous infu-
sion seems to be better in children, allowing decrease of 
the dose of local anesthetics for the same quality of anal-
gesia.121,122 Duflo and associates122 comparing standard 
continuous administration (0.1 mL/kg/hr) and patient con-
trolled regional anesthesia regimen (infusion of 0.02 mL/kg/
hr and bolus of 0.1 mL/kg every 30 minutes) of 0.2% ropi-
vacaine in patients undergoing fascia iliaca compartment or 
sciatic catheters noted lower hourly consumption of ropi-
vacaine in patient-controlled administration. Ropivacaine 
plasma levels were also lower in this group in contrast to 
standard administration (0.31 and 0.86 mg/mL at 24 hours 
and 0.31 and 0.52 mg/mL at 48 hours). In a recent study, 
plasma levels of ropivacaine were collected and compared 
with continuous epidural block and continuous psoas com-
partment block in children.123 The dose of local anesthetic 
infusion was 0.2 mg/kg/hr of 0.2% ropivacaine in the con-
tinuous psoas compartment block. The median plasma con-
centrations of ropivacaine did not exceed 0.59 μg/mL in this 
patient group and was lower than the plasma concentration 
in the epidural catheter group.

ANATOMIC IDENTIFICATION  
IN REGIONAL ANESTHESIA

MANUAL APPROACHES

The success of a regional anesthesia technique depends 
on the administration of a solution of local anesthetic 
close to the nerve or space limited by anatomic structures 
and fascial permeable little crosses by blocking nerve 
structure. Few nerve blocks can be performed using a 
manual approach without the aid of a nerve stimulator 
or ultrasound. These techniques are feasible in children 
anesthetized or sedated.

Some important points for performing regional anes-
thesia without any devices are as follows:

 •  Possessing good knowledge of the anatomy of the child 
according to age and good location of landmarks for 
the puncture site

 •  Defining the anatomic space at which the local 
anesthetic spreads to block the selected nerves

 •  Ensuring no risks exist for damage to other surrounding 
structures (e.g., vessels, nerves, organs)

  

Central blocks (caudal, epidural, or spinal block) are 
among the blocks that primarily can be achieved with-
out assistance from technical devices, even though ultra-
sound-guided techniques for punctures are currently 
proposed. The realization of epidural block is facilitated 
by the loss of resistance (LOR) technique. For the spinal 
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lock, passing into the subarachnoid space is marked by 
he crossing of the dura mater (tough fibrous structure): 
 slight jump is felt, and then the flow of CSF. For the 
audal block, the passage of the sacrococcygeal mem-
rane is felt by an increase and loss of resistance in the 
eedle. The majority of limb peripheral nerve blocks are 
erformed using a nerve stimulator or with ultrasound 
uidance. Blocks of the trunk, performed with anatomic 
andmarks techniques for a long time, benefit greatly 
rom ultrasound guidance for their localization, except-
ng the penile block (being evaluated with ultrasound 
uidance). The pudendal block, even if it is done using 
natomic landmarks, also can benefit from using the 
eurostimulator to be closer to the nerve124 or ultrasound 
uidance.125 The superficial trigeminal nerve blocks on 
he face, described by anatomic landmarks for a long 
ime, can now benefit from ultrasound guidance for the 
uncture.126 Finally, further techniques, such as the par-
sthesia technique, transarterial techniques for the axil-
ary block, and “swoosh” (test of good hand position by 
uscultation with a stethoscope of the caudal vertebrae 
ow back during the injection of liquid into the needle) 
est for caudal block, should no longer be used.

lectrical Stimulation
ltrasound guidance represents a revolution in regional 
nesthesia in children and adults. Despite its growing 
se, electrical stimulation remains the gold standard of 
erve location in adults and children. Nerve stimulation 
quipment has largely improved and is clinically safer. 
he location of needle entry point before puncture can 
educe the number of attempts and decrease the potential 
isk for nerve injury.127

For plexus and truncular nerve blocks, the anesthe-
iologist should use a nerve stimulator to elicit muscle 
witches. The positive electrode of the nerve stimulator 
s placed distant to the nerve location. The nerve stimu-
ator delivers square-wave electric impulses lasting 50 to 
00 microseconds at the rate of 1 to 5 Hz. With a start-
ng output of 2 to 2.5 mA, needles are advanced until 
hey elicit the required muscle movement. The position 
s judged adequate when muscle contractions continue 
o occur at a current of 0.5 to 0.8 mA, when the tip of the 
eedle is approximately 1 mm from the nerve or within 

he perineural fascial sheath. In contrast to adults, in 
hom a current of 0.5 mA or less is considered an accept-
ble indicator for a successful nerve block,128 in children, 
f muscle contractions are still present at a current under 
.5 mA, the needle should be withdrawn to avoid intra-
eural injection and nerve damage.129 Gurnaney and col-

eagues130 evaluated the relationship between the lowest 
urrent amperage used to obtain a motor response, the 
uccess rate, and the incidence of neurologic complica-
ions with peripheral nerve blocks in pediatric patients 
nder general anesthesia. The authors observed a similar 
eripheral nerve block success rate with both a low (<0.5 
A) and a high stimulation threshold (0.5 to 1.0 mA). 

hey concluded that it may not be necessary to perform 
eedle manipulation in close proximity to the nerve to 
chieve a low stimulation threshold (<0.5 mA), because 
t may increase the risk for intraneural injection. Most 
mportantly, in performing peripheral nerve blocks in 
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anesthetized children, the needle should not be intra-
fascicular. The disappearance of the motor response by 
reducing the intensity under 0.5 mA for 0.1 msec, con-
firms that the tip of the needle is not in contact with 
axons. In adults, Bigeleisen and associates131 revisited 
the relationship between minimum stimulating current 
and intraneural needle placement in a clinical investiga-
tion comparing intraneural and extraneural stimulation 
thresholds in ultrasound-guided supraclavicular block. 
Intraneural stimulation thresholds in excess of 0.2 and 
less than 0.5 mA were observed in 54% of patients. In 
10% of patients, the stimulating threshold exceeded 0.5 
mA when the needle was in an intraneural location. Thus, 
a response obtained for a current intensity less than 0.2 
mA for 0.1 msec may be associated with an intrafascicular 
position of the needle and should be avoided.

Peripheral nerves are not as deep in children as in 
adults and can be located percutaneously. By using the 
nerve mapping technique the success rate of peripheral 
nerve blocks in children can be improved.132 Nerve map-
ping helps locate the needle entry point before puncture, 
thereby reducing the number of attempts and decreasing 
the potential risk for nerve injury.

Nerve stimulation can be used for ultrasound guid-
ance training. Concomitant use of nerve stimulation 
can increase the confidence of the trainee while lessen-
ing the anxiety of the attending instructor. Other com-
mon sources of error during novice practice and beyond 
include failure to distinguish between adjacent isoechoic 
structures.133

Ultrasound Techniques
Ultrasonographic guidance for regional anesthesia in chil-
dren has seen considerable interest recently. The benefit 
of this technique is the visualization of targeted nerves or 
spaces and the spread of injected local anesthetic.

Today, thanks to the improved resolution of ultrasound 
machines, the majority of peripheral nerves for regional 
anesthesia can be visualized in children. However, the 
nerves are not static structures and can move, depending 
on the position of the child, pressure of the probe to the 
skin, and progression of the needle or injection of local 
anesthetic. In children, the linear ultrasound probe with a 
25-mm active surface area (or probes with 38 mm of active 
surface area in older children), provides a square image 
that is not deformed. Probes with frequencies of 8 to 13 
MHz offer excellent resolution for superficial structures of 
the upper limb (e.g., axillary block) and good penetration 
depth for the lower extremity (e.g., popliteal block). The 
higher frequencies could provide images that will be sharp 
for superficial structures. In principle, the needles typically 
used to perform peripheral nerve blocks can be used with 
ultrasound guidance. In vitro, results have shown that visu-
alization of the needle depends on its diameter and mainly 
the angle of penetration.134 Use of a facet-tipped needle 
for peripheral nerve blocks facilitates precise placement of 
the needle with minimal pain for child,135 which seems 
particularly interesting for blocks performed in children 
without sedation or general anesthesia. Sterile preparation 
of the probe and the block site is an important prerequisite 
for ultrasound-guided blocks. A sterile probe cover should 
be used for single and continuous block techniques.
The easiest ultrasound-guided blocks are axillary 
blocks, femoral blocks, fascia iliaca compartment blocks, 
caudal blocks, ilioinguinal blocks, and paraumbilical 
blocks.136 They permit a safe and easy learning curve of 
these techniques. The main advantage of ultrasound-
guided regional anesthesia is the visualization of different 
anatomic structures and the approximate localization of 
the tip of needle. The other advantages for ultrasound-
guided peripheral nerve blocks in children are faster onset 
time of sensory and motor block, longer duration of sen-
sory blockade,137 increase of blockade quality,137,138 and 
reduction of local anesthetic injections.138.139 The use of 
ultrasonographic guidance for central block allows visual-
ization of different structures, spine, and spinal contents. 
Spinous process, ligament flavum, dura mater, conus 
medullaris, and CSF are identifiable, and give some infor-
mation on spine, epidural space, and the depth between 
epidural space and skin.140 Finally, in a caudal block, ultra-
sound imaging permits evaluation of the anatomy of the 
caudal epidural space, especially the relation of the sacral 
hiatus to the dural sac, and the search for occult spinal 
dysraphism.141 Recently, ultrasound imaging showed its 
superiority over the swoosh test when performing a cau-
dal block.142 Anterior displacement of the posterior dura 
mater during saline or LA injection is a predictor of block 
success. This ultrasound-guided puncture improves the 
efficacy and safety of the central blocks by reducing the 
number of punctures. Unfortunately, the image quality is 
rapidly altered with ossification of the structures occur-
ring in older children.143

A comparative evaluation of feasibility with ultra-
sound guidance for most regional techniques is provided 
in Table 92-5.

SAFETY, PRECAUTIONS AND DISCHARGE 
CRITERIA

ACCEPTABLE ENVIRONMENTS FOR 
PERFORMING A REGIONAL BLOCK

Regional techniques are techniques of anesthesia; there-
fore, they must be performed only in places where all 
the monitoring, anesthetic, and resuscitation equipment 
(including anesthetic and emergency drugs) is available. 
Additionally, the anesthesiologist must be assisted by 
staff members able to provide adequate patient moni-
toring and trained to help in emergency situations. The 
operating theater represents the best location to guaran-
tee safe performance of any type of regional anesthesia.

SEDATION AND GENERAL ANESTHESIA

Regional procedures are performed in conscious adult 
patients, with or without sedation, but usually not under 
general anesthesia. In some pediatric patients, the same 
management can be offered and is sometimes requested 
by the child.144 However, most children require being 
unconscious during the block procedure. If general 
anesthesia is not medically contraindicated, it is widely 
accepted that regional blocks be performed with the 
patient under light general anesthesia.68,98,145



 
 

 
 

 
 
 
 

 
 
 

 

 
 
 

 
 

 
 

 

 
 

 

 

PATIENT MONITORING AND SAFETY 
PRECAUTIONS DURING THE BLOCK 
PROCEDURE

Monitoring and Anesthesia Chart
Even if general anesthesia is not used and the surgical
procedure is primarily based on a regional technique, the
anesthesiologist should always apply routine intraopera-
tive monitoring, including electrocardiographic (ECG)
tracings and blood pressure, temperature, respiratory
rate, and oxygen saturation measurements. An IV line
must be established before any injection of local anes-
thetic,146 and vital parameters, techniques, and doses of
local anesthetics must be reported on a detailed anesthe-
sia chart.

Technique of Injection
Techniques in adults and children are similar. Of prime
importance is to evaluate the effects on ECG tracings of
a test dose containing epinephrine (0.1 mL/kg up to 3
mL containing 0.5 to 1 μg/kg of epinephrine) for 30 to
60 seconds: Any elevation of ST segment or increase in
T-wave amplitude,147-149 followed by an increase in blood
pressure but only occasionally by tachycardia, suggests
inadvertent IV injection and necessitates cessation of the
procedure; when epinephrine is contraindicated, isopro-
terenol 0.05 to 0.1 μg/kg should be used instead.150

Assessment of the Block
After every block procedure, the quality and extension of
analgesia must be evaluated before surgical incision. How-
ever, this evaluation is difficult, even in conscious children.
Gentle skin pinching is the most dependable technique of
sensory testing, especially in lightly anesthetized children.
Postoperatively, this evaluation should be comparative
(blocked versus nonblocked areas) and requires that the
child has gained the confidence of the caregiver, cannot
see what is being done, and is not influenced either by
the caregiver or the family. Electrical stimulation using a
nerve stimulator at different threshold intensities proved
to be suitable in healthy volunteers, but data on children
are limited. Skin temperature is not suitable, and whether
pupillary reflex dilation of 0.2 mm is sensitive to the loss
of analgesia is not clinically useful.151

Prevention of Irrelevant Medicolegal Claims
In situations of an adverse event after a regional proce-
dure, the first condition incriminated is the block pro-
cedure per se, even though most often a closer analysis
rarely confirms that the regional block cause the alleged
consequence or damage. To minimize irrelevant medi-
colegal claims, the recommendations listed in Box 92-1
should be followed whenever possible.

POSTOPERATIVE MONITORING IN  
THE RECOVERY ROOM

After combined regional and general anesthesia, all chil-
dren must be transferred to a recovery room (PACU),
where the stability of respiratory and hemodynamic
status is checked in the same way as after any general
anesthesia. In addition to this standard postanesthetic
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care, they require repeat evaluations of the anesthetized 
area. In the case of motor blockade, which should be 
avoided as often as possible, it is important to verify that 
its distribution corresponds to the area supplied to the 
blocked nerve. Motor blockade is a stressful condition; 
therefore, children and their parents should be com-
forted, and the information that it is just a time-lim-
ited condition should be repeated. Patient positioning 
must be carefully and regularly checked to avoid pres-
sure points. Anesthetized areas must also be protected 
from the patients’ inadequate behavior, imprudence, 
or attempts to remove dressings. The possibility that a 
compartment syndrome is evolving must always be kept 
in mind, and both the hemodynamic status of the rel-
evant limb and the quality of analgesia must be repeat-
edly evaluated.

Urinary retention can be of concern after neuraxial 
blocks. In many institutions, however, voiding is not 
requested before discharging the child. It may be prudent 
to keep infants and disabled children in the PACU until 
they have urinated or to check their bladder content with 
an ultrasound probe, especially after hypospadias repair, 
because the incidence of urinary retention is greater than 
usual in this surgery.152

Adult surgical patients under regional blockade often 
bypass the postanesthesia recovery room. In children, 
even if no sedative has been given, it is not wise to do so, 
and adequate monitoring and skilled assistance improve 
recovery from immediate postoperative incidents.153 After  

 1.  Evaluate carefully the physical status of the patient and ask 
for complementary laboratory, radiographic, or any other 
examination whenever useful.

 2.  Select the least hazardous technique for a given block.
 3.  Provide detailed explanations concerning the scheduled 

anesthetic management, including beneficial as well as 
potentially detrimental effects, even in emergency situations.

 4.  Discuss the possibility of block failure and explain what 
replacement procedure(s) will then be used.

 5.  Obtain written consent for anesthesia care.
 6.  Manage the patient in the same way and with the same 

monitoring procedures as recommended for the same surgi-
cal procedure under general anesthesia.

 7.  Fill in an anesthesia chart detailing the monitoring proce-
dures, vital parameters, techniques and doses used, and 
adverse effects if any.

 8.  Treat all complications and provide full details with precise 
timing.

 9.  Transfer all pediatric patients to a pediatric acute care unit, 
requesting appropriate monitoring of vital functions and 
repeat evaluations of the extension and quality of blockade. 
Data are to be reported on a detailed postanesthetic chart, 
and discharge should be allowed only when objective signs 
of recovery are obtained.

 10.  Keep hospitalized at least overnight all patients given epi-
dural or intrathecal morphine in units where their respiratory 
function will be regularly or continuously monitored (hourly 
for the first 6 hours, then every 2 hours).

BOX 92-1 Basic Safety Recommendations 
for Any Type of Regional or Local Anesthesia 
Aiming to Avoid Irrelevant Medicolegal Claims
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short procedures, sudden cessation of external stimula-
tion may unmask some compensated adverse effects 
(hemodynamic and respiratory especially) that are not 
harmful if detected early. As noted earlier, ropivacaine 
and, to a lesser extent, levobupivacaine, have a longer 
Tmax (up to 2 hours) and Cmax in infants; therefore, after 
short-duration surgeries, these patients may leave the 
operating room before local anesthetic plasma peak con-
centration has been reached. It is recommended to keep 
them monitored in a PACU up to 2 hours after the block 
procedure.

DISCHARGE CRITERIA AFTER SINGLE-SHOT 
PROCEDURES

The same criteria apply with discharge from the PACU 
as with after general anesthesia (pediatric adaptation of 
Aldrete score or specific scoring method in use in the 
relevant institution); in the absence of motor blockade, 
children usually may be discharged within 30 min-
utes. In other cases, discharge depends on the behav-
ior of the child. Partial restoration of motor function 
is mandatory, even in quiet children with caring fami-
lies. Boisterous children should not leave before motor 
functions have been fully restored; additionally, protec-
tive dressings (including casts) may help prevent harm 
to the operated limb. Persistence of sensory blockade 
is not a contraindication to early discharge unless the 
familial environment is inadequate. Pain medication 
should be systematically prescribed and administered 
on a regular basis to prevent the return of intense pain 
at home when the sensory block is no longer effec-
tive.154 Most additives do not preclude early discharge 
except for epidural or intrathecal opioids, especially 
morphine, which necessitates that the child stay hospi-
talized overnight.

MANAGEMENT OF CONTINUOUS 
REGIONAL TECHNIQUES

Children with repeat, on-demand, or continuous epi-
dural infusion should remain hospitalized to be ade-
quately monitored. Occasionally, a few selected patients 
can be allowed to return home with an epidural cathe-
ter, mostly in a context of chronic pain or cancer pain in 
terminally ill children. Adult patients with continuous 
techniques of peripheral nerve blockade can be returned 
home provided surgical care does not require hospital 
stay. These continuous techniques are rather new in 
pediatrics74 and not yet widely used. Pediatric ortho-
pedic surgery is particularly interested in this type of 
analgesia. Studies on peripheral nerve blocks in children 
monitored at home have reported a low complication 
rate and good quality of analgesia.155,156 In one insti-
tution, children suffering from complex regional pain 
syndrome were treated at home with peripheral nerve 
catheters.79 The use of an elastomeric disposable device 
to infuse local anesthetic allows simplifying the man-
agement of children at home and a nursing economy. 
Such management will probably gain wider acceptance 
in the near future, but currently it should be considered 
under evaluation.
NEURAXIAL BLOCKS

CAUDAL ANESTHESIA

Worldwide, the caudal block is likely the most commonly 
used technique of epidural blockade in children. Never-
theless, it is less used in some countries in favor of periph-
eral blocks.98 The technique is described as simple and 
easy to perform for most, with few complications.

Caudal anesthesia considerably decreases stress hor-
mone response to surgery.157-159 The rate of complete or 
partial failure of this technique is 3% to 11%,160 especially 
in children older than 7 years of age.

Anatomy of the Sacral Hiatus
Children have a specific anatomic level of the sacrum. 
Until the age of 1 year, five sacral vertebrae are easily 
identifiable and have the appearance of the lumbar ver-
tebrae. Each sacral vertebra has five primitive centers of 
ossification, which will knit by 2 to 6 years of age. This is 
due to the standing body of the child, who will develop 
the walking and the mechanical stresses in the vertebrae.

The sacral hiatus is a U-shaped or V-shaped aperture 
resulting from the lack of dorsal fusion of the fifth and 
often fourth sacral vertebral arches. It is limited laterally 
by two palpable bony structures, the sacral cornua, and is 
covered by the sacrococcygeal membrane (sacral continu-
ation of the ligamenta flava). The distance separating the 
summit of the sacral hiatus and the dural sac ending is 
approximately 30 to 10.4 mm (range, 13.6 to 54.7 mm) in 
children 10 months to 18 years of age.161 Mean distance 
from skin to anterior sacral wall is 21 mm (extremes, 10 
to 39 mm) between 2 months and 7 years of age.140 The 
distance from skin to the epidural space is only slightly 
influenced by the age and weight of the patient (Fig. 
92-1), and 25-mm needles are long enough to reach the 
sacral epidural space and short enough to prevent inad-
vertent dural puncture in most patients.
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Figure 92-1. Distance from the skin to the epidural and subarach-
noid spaces at different intervertebral levels and through the sacral 
hiatus. 1, Spinal anesthesia; 2, lumbar epidural approach (midline);  
3, thoracic epidural approach (midline); 4, sacral epidural approach; 
5, caudal approach.



With growth, the axis of sacrum changes; the sacral 
hiatus becomes more difficult to identify and may even 
close.162 Concomitantly, the epidural fat becomes more 
densely packed, thus reducing the spread of local anes-
thetics. These changes make caudal anesthesia less suit-
able and more difficult to perform in children older than 
6 to 7 years of age.

indicaTionS, conTRaindicaTionS and complicaTionS. Cau-
dal anesthesia is recommended for most surgical proce-
dures of the lower part of the body (mainly below the 
umbilicus), including inguinal hernia repair, urinary and 
digestive tract surgery, and orthopedic procedures on the 
pelvic girdle and lower extremities.163 It is usually per-
formed in lightly anesthetized patients but can be used 
as the sole anesthetic regimen in fully awake former pre-
mature infants younger than 50 to 60 weeks of postcon-
ceptual age after local anesthesia of the skin covering the 
sacral hiatus, either as a single-shot technique164,165 or 
after placement of an epidural catheter allowing repeat or 
continuous injection of local anesthetics.166

Specific contraindications include major malforma-
tions of the sacrum (myelomeningocele, open spina 
bifida), meningitis, and intracranial hypertension.

Iliac crest
Sacral
cornu

Posterior
superior
iliac spine

Figure 92-2. Landmarks for caudal block procedure in lateral posi-
tion. Two posterior superior iliac crests form an equilateral triangle; 
the top of this triangle indicates V-shaped sacral hiatus limited by two 
sacral cornua.
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Specific complications of caudal anesthesia are infre-
quent and usually minor90,98 when adequate devices are 
used. Notably, dural puncture and subsequent injection 
of local anesthetic solution can lead to cardiovascular col-
lapse or respiratory arrest (apnea).

Technique
The technique is performed with the patient in the lat-
eral position or, especially in nonanesthetized prema-
ture infants, in the prone position either with a rolled 
towel slipped under the pelvis or with the legs flexed in 
the “frog” position. The two sacral cornua limiting the 
V-shaped sacral hiatus are located by palpation along the 
spinal process line at the level of the sacrococcygeal joint 
(Fig. 92-2). The hiatus along with the two posterior supe-
rior iliac crests is claimed to form an equilateral triangle, 
but in clinical practice this assumption does not help in 
locating the hiatus when palpation is not informative. 
The caudal puncture technique is shown in Figure 92-3.

Caudal anesthesia is basically a single-shot technique. 
Occasionally, placement of an epidural catheter for repeat 
or continuous infusion is contemplated. The “normal” 
length of catheter to be introduced into the epidural space 
is 2 to 3 cm, as for any epidural block. Because the epi-
dural fat is very fluid in infants, a longer distance can be 
introduced to reach lumbar or even thoracic levels. This 
technique should be considered with caution, by experts 
only. The final position of the tip of the catheter must 
be controlled; it is misplaced in 28% of cases.167 This is 
usually achieved by obtaining a contrast-enhanced radio-
graph, but the following techniques also are available:

 •  Neurostimulation at rather high intensities (however, 
safety of this technique is not established).168,169

 •  Recording ECG tracings from the metallic wire of the 
catheter and comparing them with those obtained 
from an electrode placed on the spinous process line, 
at the level where the tip of the catheter should be 
placed. The position is correct when the two tracings 
are identical.170 This technique is very elegant and 
noninvasive, but the “second” ECG tracing is not easily 
readable in some patients (especially when they are 
conscious and moving).

 •  Ultrasound guidance171 is the most promising 
noninvasive technique.

  

Catheter tunneling has been recommended to decrease 
the risk for bacterial contamination.172 The volume 
Figure 92-3. Caudal puncture 
technique. A, Insertion of the 
needle at right angles to the skin.  
B, Cephalic redirection of the nee-
dle after piercing the sacrococcy-
geal membrane.

A B
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prescription scheme of Armitage that was published many 
years ago still remains the most dependable, as follows:

 •  0.5 mL/kg: All sacral dermatomes are blocked.
 •  1 mL/kg: All sacral and lumbar dermatomes are blocked.
 •  1.25 mL/kg: The upper limit of anesthesia is at least 

midthoracic.
  

When 1.25 mL/kg is injected, excessive rostral spread 
(above T4) can occur173; it is therefore preferable not to 
administer more than 1 mL/kg of local anesthetic. Hong 
and colleagues174 sought the best compromise between 
the two regimens of caudal injections in terms of quality 
of analgesia and spread of local anesthetic. The authors 
compared the same total dose of local anesthetic (ropi-
vacaine 2.25 mg/kg), a high injection volume and low 
concentration (ropivacaine 0.15% 1.5 mL/kg), and low 
injection volume and high concentration (ropivacaine 
0.225% 1 mL/kg). Spread of local anesthetic was signifi-
cantly higher in the high volume and low concentration 
group in contrast to the other group (T6 [T3 to T11] and 
T11 [T8 to L2], respectively). In addition to the injection 
system, high volume and low concentration produced 
a longer duration of analgesia before the first analgesic 
request (554.5 minutes versus 363 minutes). When a 
catheter is inserted, repeat injections must be reduced 
to avoid systemic toxicity. The second injection should 
be made no earlier than 60 minutes (for a short-duration 
local anesthetic) or 90 minutes (for a long-duration local 
anesthetic) after the first one and should be half of the 
initial dose. Further injections should be reduced to half 
of the second dose (i.e., one sixth of the initial dose) 
while respecting the same delays.

Ultrasound has facilitated the use of caudal block in 
children, allowing an initial assessment of the anatomy 
of the sacrum (Fig. 92-4), including the relationship of 
the sacral hiatus to the dural sac ending, and research of 
spinal dysraphism.141 Roberts and associates171 demon-
strated the value of ultrasound imaging with a test dose 
of saline when performing a caudal block to confirm the 
correct location of the needle. According to the authors, 
the displacement of the dura mater during the injec-
tion of saline is an indicator of a successful block. They 
found ultrasound-guided caudal blocks successful with a 

PD

AD

Terminal filum

Epidural
space

SCM

Figure 92-4. Ultrasound-guided caudal block facilitating initial 
assessment of the anatomy of the sacrum. AD, Anterior dura mater; 
PD, posterior dura mater; SCM, sacrococcygeal membrane.
sensitivity of 96.5%, a specificity of 100%, and a positive 
predictive value 100%. Ultrasound is also better than the 
swoosh test to determine the correct location of the nee-
dle.142 Recently, Shin and associates175 noted that prior 
anatomic study of the sacral region via ultrasound made 
it easier to identify the sacral hiatus and determine the 
level of the dural sac before completion of a caudal block 
or block-sacred interspinous in children.

INTERVERTEBRAL EPIDURAL ANESTHESIA

Anatomy and Physiology
The epidural space surrounds the spinal cord and the 
meninges from the foramen magnum to the sacral hia-
tus. Limited posteriorly by the vertebral laminae and the 
ligamenta flava, it communicates quite freely with both 
the paravertebral spaces and the root sleeves. In the dural 
cuff region, near the spinal ganglia, it is intimately con-
nected with the subarachnoid space owing to protrusion 
of arachnoid granulations, which are easily traversed by 
local anesthetics. It contains blood vessels and lymphat-
ics and is filled with loose fat in infants and in children 
up to 6 to 8 years of age.

One of the major characteristics of the child for the 
central blocks is a line connecting the two iliac crests—
the Tuffier line. This line joining the two iliac crests is 
proportionally smaller in young children and crosses the 
spinous process line at the L5 to S1 level in infants up to 
1 year of age instead of at L4 to L5 as in older children 
and adults.176 Bending the spine (as for performing an 
epidural block) does change the level at which the Tuffier 
line crosses the spine in 58.3% of patients. Mobility of the 
vertebrae and the elasticity of the ligaments in children 
can change the position of the spinal cord in the spinal 
canal. The spinal cord tends to move backward and get 
closer to the vertebral arches in a sitting position, making 
it more difficult to identify the epidural space. In the lat-
eral position, bending of the spinal cord moves forward, 
away from the ligamentum flavum and for expanding the 
epidural space. This is the preferred position for the epi-
dural catheter procedure in children (Fig. 92-5).

Epidural injections result in considerable pressure 
changes. After placement of a 20-gauge epidural catheter 
in 20 infants, Vas and associates177 measured the follow-
ing changes:

 •  Pressure on penetrating the epidural space: 1 ± 10 mm 
Hg (extremes, −17 to + 16 mm Hg)

 •  Peak pressure during injection of a local anesthetic at  
1 mL/min: 27.8 ± 18.6 mm Hg with residual pressure of 
12 ± 5.5 mm Hg 1 minute after completion of injection

 •  Peak pressure during injection of a local anesthetic at 
0.5 mL/min: 15.2 ± 9.5 mm Hg with residual pressure 
of 14.8 ± 5.4 mm Hg 1 minute after completion of 
injection

  

The spine presents at birth only one concavity: ante-
rior curvature (kyphosis). Lumbar lordosis appears only 
with the acquisition of walking. Until the installation of 
lordosis, the spinous processes are parallel and the intro-
duction of the needle between them in the epidural space 
is perpendicular to the plane of the back. In addition, 
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Figure 92-5. Lateral position for 
epidural puncture in a 10-year-old 
boy (left) and 4-month-old girl 
(right).
ossification of the lumbar vertebrae is very underdevel-
oped at birth and risks exist for injury to cartilaginous 
structures.

Indications and Contraindications
Young children tolerate epidural anesthesia well with-
out significant hemodynamic changes.58,178 Epidural 
anesthesia is recommended for all major abdominal, 
retroperitoneal, pelvic, and thoracic179,180 procedures, 
including pectus excavatum repair181 and scoliosis sur-
gery,182 preferably with a two-catheter technique.183 
The technique is also used for cardiac surgery in a few 
institutions,70,184 but this indication is controversial 
and most authors consider it contraindicated because of 
anticoagulation.

The intervertebral level at which the epidural space 
should be approached is a matter of debate and depends 
on both the patient’s age and the experience of the anes-
thesiologist. When a single-shot technique is planned 
for a surgery below the umbilicus, a caudal approach is 
most often selected in infants and young children and a 
lumbar approach is used in older patients. When catheter 
placement is contemplated it is preferable to select a lum-
bar approach in all patients to decrease the risk for bac-
terial contamination from anal proximity, even though 
this is rare.90

When sensory blockade of high thoracic dermatomes 
is required, the most reliable approach is a thoracic epi-
dural block, which requires expertise because the spi-
nal cord could be damaged. When the anesthesiologist 
is not used to performing thoracic epidural blocks in 
infants, some authors recommend a caudal approach 
with cephalic insertion of a catheter over a long distance 
to reach thoracic levels.185 This technique, however, 
requires experience and luck—the catheter is misplaced 
in almost 30% of cases, even in experienced hands,167,186 
and serious complications are possible (e.g., spinal cord or 
vessel trauma during insertion, bacterial contamination, 
breakage, or buckling around a nerve root on removal 
attempts).187-189

Specific contraindications to epidural anesthesia 
include severe malformations of the spine and spinal 
cord (not spina bifida occulta), intraspinal lesions or 
tumors, and tethered cord syndrome. In most instances, 
epidural anesthesia should be avoided in children with a 

history of hydrocephalus, elevated intracranial pressure, 
unstable epilepsy, or reduced intracranial compliance, 
but these disorders are not absolute contraindications, 
depending on the context.190 Also, previous surgery on 
the spine usually makes epidural (and spinal) anesthe-
sia technically difficult or impossible, but they are not 
contraindications unless underlying lesions of the spinal 
cord are present.

Techniques
lumbaR epiduRal aneSTheSia. The lumbar epidural is 
usually performed in anesthetized patients via a midline 
route below the L2-L3 interspace, which represents the 
lower limit of the conus medullaris (Fig. 92-6). The tech-
nique is essentially as in adults. A paramedian approach 
can be used instead in cases of spinous process anomaly 
or spine deformity. The child is positioned in the semi-
prone position, with the side to be operated lowermost 
and the spine bent to enlarge the interspinous spaces. The 
sitting position can be used in conscious patients.

Medium selection for the LOR technique has elicited 
considerable debate. Both air and saline are advocated 
for the LOR test to identify the epidural space. Saline is 
more popular according to the Ames survey191; but air (or 
carbon dioxide) is perhaps more sensitive, especially in 

Figure 92-6. Lumbar epidural anesthesia by loss-of-resistance tech-
nique with saline.
neonates and infants.
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The distance from the skin to the epidural space is cor-
related with the patient’s age and size (see Fig. 92-1), but 
1 mm/kg is a useful approximation for children between 
6 months and 10 years of age.192 An ultrasound probe 
provides precise measurement of the distance from skin 
to the ligamenta flava and from skin to the posterior dura 
mater (Fig. 92-7).

When the tip of the needle penetrates the epidural space, 
the LOR technique syringe is disconnected, and no reflux 
of biologic fluid (blood or CSF) should appear at the hub. 
The next step consists of injecting the local anesthetic at a 
slow speed, either through the epidural needle or through 
a catheter. Progressive displacement of the dura mater can 
be visualized by placing an ultrasound probe in line with 
the spinous process line during injection in infants younger 
than 2 years of age.143 By using ultrasound, the anatomy of 
the spinal canal, the position of the spinal cord, visualiza-
tion of the ligamentum flavum, and the space caudal spi-
nous processes can actually be seen (see Fig. 92-7).193 When 
a catheter is inserted, it should not be introduced more 
than 3 cm, to avoid buckling, knotting, and lateralization 
of blockade or erratic migration. Tunneling the catheter 
reduces the incidence of accidental removal and bacterial 
contamination.194 Catheters inserted over a long distance 
have to be controlled in the same way as caudal catheters.

The volume of anesthetic solution depends on the 
upper level of analgesia required for completion of the 
surgery; approximately 0.1 mL per year of age is necessary 
to block 1 neuromere.195 Usual volumes of injectate range 
from 0.5 to 1 mL/kg (up to 20 mL), and the upper limit of 
sensory blockade ranges between T9 and T6 in more than 
80% of patients.

Single-shot epidural blocks are appropriate for many 
pediatric surgeries, especially when adjuvants such as 
clonidine 1 to 2 μg/kg, preservative-free ketamine 0.25 
to 0.5 mg/kg, and, in appropriate indications, morphine 
30 μg/kg are coadministered. Major operations resulting 
in long-lasting postoperative pain require placement of 
an epidural catheter and postoperative infusion of local 
anesthetics (Table 92-8).
SP
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Figure 92-7. Transverse (A) and axial (B) ultrasound images of conus 
medularis. CM, Conus medularis; CSF, cerebrospinal fluid; DM, dura 
mater; LF, ligamentum flavum; SP, spinous process.
TABLE 92-8 USUAL DOSES AND INFUSION REGIMENS FOR EPIDURAL ANESTHESIA IN PEDIATRIC PATIENTS

Agent Initial Dose Continuous Infusion (Maximum Doses) Repeat Injections

Bupivacaine, 
levobupivacaine

Solution: 0.25% with 5 μg/mL 
(1/200,000) epinephrine

Dose: <20 kg: 0.75 mL/kg
20-40 kg: 8-10 mL (or 0.1 mL/yr/no. 

of metameres) >40 kg: same as for 
adults

<4 mo: 0.2 mg/kg/hr (0.15 mL/kg/hr of a 0.125% 
solution or 0.3 mL/kg/hr of a 0.0625% solution)

4-18 mo: 0.25 mg/kg/hr (0.2 mL/kg/hr of a 0.125% 
solution or 0.4 mL/kg/hr of a 0.0625% solution) 
>18 mo: 0.3-0.375 mg/kg/hr (0.3 mL/kg/hr of a 
0.125% solution or 0.6 mL/kg/hr of a 0.0625% 
solution)

0.1 to 0.3 mL/kg 
every 6-12 hr 
of a 0.25% 
or 0.125% 
solution 
(according to 
pain scores)

Ropivacaine Solution: 0.2%
Dose: Same regimen in mL/kg as for 

bupivacaine (see above)

Same age-related infusion rates in mg/kg/hr as for 
bupivacaine (usual concentration of ropivacaine: 
0.1%, 0.15%, or 0.2%)

Do not infuse for more than 36 hr in infants <3 mo

0.1 to 0.3 mL/kg 
every 6-12 hr 
of a 0.15% or 
0.2% solution 
(according to 
pain scores)

Adjuvants Avoid in infants <6 mo
Fentanyl 1-2 μg/kg
or sufentanil 0.1-0.6 μg/kg or 

clonidine 1-2 μg/kg

Select only one additive:
Fentanyl: 1-2 μg/mL
Sufentanil: 0.25-0.5 μg/mL
Morphine: 10 μg/mL
Hydromorphone: 1-3 μg/mL
Clonidine 0.3 at 1 μg/mL of solution

Morphine 
(without 
preservatives): 
25-30 μg/kg 
every 8 hr



In mature children who understand the concept of 
patient-controlled analgesia and who are willing to use 
it, patient-controlled epidural analgesia (PCEA) can be 
an interesting option. A prospective study involving 128 
children older than 5 years of age reported a 90.1% suc-
cess rate; PCEA was stopped in 6.1% of children because 
of adverse effects and only in 3.8% because of inadequate 
analgesia.196 The local anesthetic was either 0.0625% or 
0.125% bupivacaine with fentanyl 2 to 10 μg/mL; the 
background infusion rate was 0.2 mL/kg/hr or less, and 1- 
to 3-mL bolus doses were permitted every 15 to 30 minutes 
with a maximum dose of bupivacaine of 0.4 mg/kg/hr.

Another prospective study involving 58 children (age 
range, 7 to 12 years) undergoing lower extremity orthope-
dic surgery compared continuous epidural infusion of 0.2% 
ropivacaine 0.2 mL/kg/hr with PCEA, with background infu-
sion of 1.6 mL/hr and 2-mL bolus doses (lockout interval, 10 
minutes) of the same solution. Pain scores were excellent 
and identical in both groups, but children from the PCEA 
group required half the doses of ropivacaine on an hourly 
basis in contrast to the continuous infusion group.121

SacRal epiduRal aneSTheSia. Because sacral interspaces 
remain nonfused until early adulthood, the sacral epi-
dural space of children can be approached posteriorly via 
the S2-S3 interspace, which is identified by palpation 0.5 
to 1 cm below the line joining the two posterior superior 
iliac spinous processes, but any other sacral interspace 
can be used.197 The procedure is the same as for a lumbar 
approach. Because sacral spinous processes are atrophic, 
the Tuohy needle can be oriented cephalad or, preferably, 
caudad to contact the dura mater with the convex part 
of the needle tip, thus reducing the danger of acciden-
tal dural penetration. The dural sac usually ends at S2, 
as does the risk for dural puncture. Attention must be 
paid to the closer skin proximity of the epidural space, in 
contrast to lumbar approaches (see Fig. 92-1). If manda-
tory, an epidural catheter can be inserted (using the same 
technique as for lumbar epidural catheter placement) to 
provide long-lasting postoperative pain relief.

Sacral epidural anesthesia is an alternative to caudal 
anesthesia, either in infants when skin lesions contrain-
dicate a caudal approach or in children older than 6 to 7 
years of age, in whom caudal anesthesia becomes more 
difficult and less reliable. The same volumes and doses 
of local anesthetic as for a caudal anesthesia are adminis-
tered. Ultrasound imaging can be used to precisely evalu-
ate the distance from skin to epidural space and, in infants 
mainly, visualize both the progression of the needle and 
catheter and the spread of the local anesthetic.

ThoRacic epiduRal aneSTheSia. Thoracic epidural blocks 
are indicated for major operations requiring long-lasting 
pain relief, thus requiring placement of an epidural cath-
eter to allow repeat injections or continuous infusion of 
local anesthetic. These are not commonly used techniques 
in children because indications are limited to thoracic 
and upper abdominal surgery and spinal cord damage is a 
risk. In children younger than 1 year of age, the procedure 
is similar to that for a lumbar approach, with needle inser-
tion perpendicular to the spinous process line, because the 
spine displays a single flexure, especially when bent. As 
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the patient grows and the flexure develops, the technique 
becomes progressively similar to thoracic approaches in 
adults, requiring cephalic orientation of the Tuohy nee-
dle up to a 45-degree angle to the skin. A paramedian 
approach can be used instead, but it is rarely required in 
children. In infants, ultrasonography makes visible the 
dura mater, the progression of the Tuohy needle, and, in 
many cases, the progression and final position of the tip 
of the epidural catheter.198

ceRvical epiduRal aneSTheSia. No surgical indications 
exist for cervical epidural blockade in children. Very 
rarely, the technique can be contemplated for patients 
with chronic pain or to prevent phantom limb pain 
before an amputation of the upper arm at the scapular 
level (osteosarcoma of humerus), which is done almost 
exclusively in adolescents. The block procedure is the 
same as in adults.

SPINAL ANESTHESIA

Anatomy and Physiology
The spinal cord and dural sac of infants younger than 1 
year of age end at a lower level than in older patients 
(see earlier section on Caudal Anesthesia). Also, the vol-
ume of CSF varies considerably according to the patient’s 
age, from more than 10 mL/kg in neonates, to 4 mL/kg in 
infants weighing less than 15 kg, to 3 mL/kg in children, 
to 1.5 to 2.0 mL/kg in adolescents and adults. The spinal 
and cerebral distribution of CSF also varies with age; half 
the CSF volume is located within the spinal subarachnoid 
space versus only 25% in adults. This has considerable 
pharmacokinetic consequences and explains why larger 
doses of local anesthetics are required for spinal anesthe-
sia in infants and young children.

CSF hydrostatic pressure is lower in infants in the dor-
sal recumbent position199 and further decreased during 
general anesthesia. In performing a spinal block, the pro-
gression of the needle must be slow to detect CSF reflux 
before the needle is advanced farther.

Children older than 5 years of age behave like adults 
after spinal anesthesia, whereas younger patients remain 
hemodynamically stable, without significant hypoten-
sion or bradycardia,200 even in cases of cardiac malfor-
mations.201 However, a decrease in mean arterial pressure 
during the first 10 minutes after injection of 0.8 mg/kg 
of 0.5% bupivacaine was reported in infants aged 1.5 to 
5 months.202 This decrease was time limited, well toler-
ated, and rapidly corrected by IV fluids. Similar results 
with concomitant decrease in cerebral blood flow were 
reported in former preterm infants of 41 weeks of post-
conceptual age.203

Indications and Contraindications
Spinal anesthesia has limited indications in pediatric 
patients. One of these is inguinal hernia repair in former 
preterm infants younger than 60 weeks of postconcep-
tual age204,205 who are prone to develop postoperative 
apnea after general anesthesia or even light sedation.206 
However, even after pure spinal anesthesia, apnea may 
occur postoperatively (as they may preoperatively) and 
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it is prudent to keep at-risk infants hospitalized. Other 
indications are scarce, mainly for elective lower abdomi-
nal or lower extremity surgery207-209 and, occasionally, for 
cardiac surgery or cardiac catheterization,210,211 but these 
indications are controversial.

Technique
The technique of spinal anesthesia is similar to lumbar 
puncture (Fig. 92-8). It can be performed with the patient 
in the lateral decubitus position or sitting (Fig. 92-9). 
Currently, hyperbaric tetracaine and bupivacaine are the 
most commonly used local anesthetics. Isobaric bupiva-
caine can be used instead.207 Ropivacaine212 and levobu-
pivacaine213 may become the standard of the future but 
are not currently approved for spinal administration in 
pediatric patients.

Drugs and Doses
The drugs most frequently used are tetracaine 0.5% and 
bupivacaine 0.5%. The usual doses are 0.5 to 0.8 mg/kg to 
achieve low to medium levels and 1 mg/kg to achieve high 
levels (T2-T4). The duration of the block is approximately 
60 to 75 minutes for both drugs. Newborns and infants 
are at an increased risk for toxicity after the administra-
tion of amide local anesthetics; the risk is even greater 

Figure 92-8. Spinal anesthesia procedure in sitting position in 
1-month-old girl.
n the case of jaundice.214 Usual dosages for neonates to 
dolescents are given in Table 92-9.

The older the child, the lower is the dose required; in 
hildren between 6 months and 14 years, 0.5% hyper-
aric bupivacaine at a dose of 0.2 mg/kg has been used 
ith a success rate of 98%. More recently, the successful 
se of 0.5% ropivacaine in children between 1 and 17 
ears at 0.5 mg/kg and 0.5% levobupivacaine in children 
etween 1 and 14 years at 0.3 mg/kg has been reported. 
lonidine 1 μg/kg, fentanyl 1 μg/kg, and morphine 4 to 5 
g/kg are reported in the pediatric literature as adjuvants 
o increase the spinal block duration (see Table 92-9).

dverse Effects and Complications
pinal anesthesia is technically difficult in neonates 
nd infants; the overall failure rate ranges from 10% to 
5%.206,215 Short duration of blockade and lack of resid-
al analgesia are important limitations, and alternative 
awake caudal anesthesia) or complementary techniques 
ilioinguinal or iliohypogastric block) are often contem-
lated. Postdural puncture headache is rare in children 
ounger than 8 years of age but not exceptional, and its 
ncidence may be increased with use of pencil-point spi-
al needles.216 All complications reported after lumbar 
pidural blockade can occur after spinal anesthesia.

PPER EXTREMITY CONDUCTION BLOCKS

NATOMIC CONSIDERATIONS

erve supply to the upper extremity depends mainly on 
he brachial plexus formed by the union of the ventral rami 
f the fifth cervical to the first thoracic spinal nerve roots. 
oots emerge from the intervertebral foramina within the 

nterscalene space (between the scalene anterior and sca-
ene middle muscle). As in adults, brachial plexus nerve 
bers redistribute first to three trunks (superior, middle, 
nd inferior), then to three divisions between the clavicle 
nd the first rib. These divisions recombine and surround 
he axillary artery as three cords and are named according 
o their relation to the artery as the lateral, medial, and 
osterior cords (Fig. 92-10). Because of this complicated 
edistribution of nerve fibers, distribution of anesthesia 
aries considerably depending on the level at which the 
ocal anesthetic is injected. Some anatomic knowledge 
Figure 92-9. Sitting or lateral 
position for spinal anesthesia 
procedure.



is essential to predict the extension of the motor and 
sensory block and to determine the most appropriate 
approach for a given surgery (Fig. 92-11).

The most important anatomic difference between 
infants and adults pertains to the upper part of the lung 
and apical pleura that penetrates the neck, above the 
plane formed by the clavicle and first rib (superior tho-
racic aperture). Subclavian vessels and the lower division 
of the plexus are encountered in the apical pleura, thus 
making any perisubclavian approach at major risk for 
pleural penetration. The concept of perineurovascular 

TABLE 92-9 USUAL DOSES OF LOCAL 
ANESTHETICS FOR SPINAL ANESTHESIA

Local Anesthetic Dose Duration

Neonates
Tetracaine 0.5%
Bupivacaine 0.5%
Ropivacaine 0.5%
Levobupivacaine 0.5%

0.6-1 mg/kg
0.5-1 mg/kg
1.08 mg/kg
1 mg/kg

60-75 min
65-75 min
50-70 min
75-90 min

Infants to Adolescent
Bupivacaine 0.5%
Tetracaine 0.5%
Levobupivacaine 0.5%
Ropivacaine 0.5%

0.4 mg/kg (5-15 kg)
0.3 mg/kg (<15 kg)
0.4 mg/kg (5-15 kg)
0.3 mg/kg (>15 kg)
0.4 mg/kg (5-15 kg)
0.3 mg/kg (15-40 kg)
0.25 mg/kg (>40 kg)
0.5 mg/kg (maximum 

20 mg)

Adjuvant
Clonidine
Fentanyl
Morphine

1 μg/kg (neonates)
1 μg/kg (infants <1 yr)
4-5 μg/kg (all ages)
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sheath has been challenged in spite of strong embryo-
logic and anatomic evidence, but it received additional 
confirmation in a recent radiologic study, and even the 
volume of the axillary tunnel could be precisely measured 
(5.1 to 9.5 mL in adults).217

Ultrasound imaging allows precise localization of the 
parietal pleura and subclavian and axillary vessels, thus 
improving the safety of supraclavicular and infracla-
vicular approaches, provided the tip of the block needle 
can be continuously seen during the procedure. Nerve 
stimulation may be used in conjunction with ultrasound 
guidance to confirm the localized nerve and prevent an 
intraneural injection.

Roberts136 recommended initially performing sim-
ple blocks. Interscalene and periclavicular approaches 
are considered difficult and must be done by trained 
operators. The axillary and forearm blocks seem easier, 
especially for those who are new to ultrasound-guided 
regional anesthesia.

Indications for brachial plexus blocks include emer-
gency and elective surgery of the upper extremity in con-
scious or anesthetized children.218-220 These blocks are 
useful for outpatient surgery and elicit a high degree of 
patient satisfaction.

 •  The axillary block is the most common approach to 
the brachial plexus in pediatric patients, especially 
when the lesions involve the forearm and the hand. 
Advantages of this block include an easy and safe 
procedure with a high rate of success and very low rate 
of complications.

 •  The infraclavicular paracoracoid approach is being 
increasingly used with the development of ultrasound 
guidance. The technique provides complete blockade 
of the upper extremity, catheter placement is easier and 
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Figure 92-11. Cutaneous, muscle, and bone innervations of the upper extremity.
more comfortable than at axillary levels, and catheter 
immobilization and protection against accidental 
removal are also easier.

 •  Supraclavicular approaches are indicated when the 
lesion is located on the shoulder or on the proximal 
part of the arm, including the elbow. Perisubclavian 
approaches should be used in infants with extreme 
caution because of the proximity of the apical pleura; 
ultrasound imaging reduces the risk for complications 
such as vascular or pleural incidental punctures. 
Before the use of ultrasound-guided nerve block, the 
parascalene and the modified interscalene approach 
(the tip of the block needle is placed virtually at 
the same place in the interscalene space with both 
techniques) were considered as safe alternative 
procedures.

 •  Distal nerve blocks are used either for distal lesions 
(surgery involving the hand or one finger only) or as 
complementary block when distribution of anesthesia 
is incomplete after a more proximal block.

CERVICAL BRACHIAL PLEXUS BLOCKS

Cervical brachial plexus approaches are not commonly 
used in children because of potential adverse effects 
(pneumothorax, vertebral artery injection, intrathecal 
injection) and the low incidence of isolated shoulder sur-
gery in this population.

Interscalene Approach
The interscalene approach aims to enter the interscalene 
space at its upper extremity, close to the transverse pro-
cess of C6. The child is placed in the dorsal recumbent 
position with the arms extended alongside the thorax 
and head slightly turned to the contralateral side.
The landmarks are the cricoid cartilage, the anterior 
ramus of the C6 transverse process (Chassaignac tuber-
cle), and the interscalene groove. The puncture site is 
located at the skin projection of Chassaignac tubercle in 
the interscalene groove, just posterior to the lateral border 
of the sternocleidomastoid muscle. The needle is inserted 
at an 80-degree angle (not perpendicularly) to the skin; 
that is, dorsally and slightly caudal pointing toward 
the midpoint of the clavicle, until one of the primary 
trunks (instead of roots) of the brachial plexus is located 
by elicited muscle twitches in the upper arm. Any distal 
motor twitch and biceps, triceps, or deltoid muscles are 
adequate (Fig. 92-12). Contraction of the diaphragm indi-
cates phrenic nerve stimulation and anterior placement 
of the needle tip. Alternatively, trapezius muscle stimu-
lation indicates that needle placement is too posterior. 
Borgeat and colleagues221 described a modified technique 
in adults that can be used in children. The block needle 
is inserted at the same puncture site, but the needle is 
oriented laterally, pointing toward the midpoint of the 
clavicle until one of the primary trunks (instead of roots) 
of the brachial plexus is located and twitches are elicited 
in the upper arm. The interscalene block is not very popu-
lar in children because of its adverse effects—ipsilateral 
phrenic nerve blockade, danger of vascular damage (ver-
tebral artery and vein), and accidental cervical epidural 
and intrathecal penetration.

Ultrasound imaging improves the safety of this 
approach by showing the great vessels of the neck, apo-
neuroses of scalene muscles, and C5-C6-C7 brachial 
plexus roots.137,222 The probe is placed in a transverse 
oblique plane at the level of the cricoid cartilage (Fig. 
92-13). The trunks and roots of the brachial plexus can be 
identified in the interscalene groove as distinct round-to-
oval hypoechoic structures between the scalene anterior 



and middle muscles, both deep to the sternocleidomas-
toid muscle. The internal jugular vein and carotid artery 
can be visualized medially (Fig. 92-14). Using combined 
ultrasound-guided nerve stimulation techniques, the nee-
dle is advanced with an in-plane alignment from lateral 
(posterior) to medial (anterior) side of the probe, toward 
the target nerves. Precise needle placement may limit the 
dose of local anesthetic required.223

Parascalene Approach
The parascalene approach described by Dalens and col-
leagues224 aims to penetrate the interscalene space at a 
distance from the apical pleura and great vessels of the 
neck. The landmarks are the midpoint of the upper 
border of the clavicle and the transverse process of C6 
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Figure 92-12. Interscalene approach to the brachial plexus. CIS, 
Classic interscalene approach (after Winnie); MIS, modified intersca-
lene approach (after Borgeat); 1, sternocleidomastoid muscle; 2, skin 
projection of the Chassaignac tubercle; 3, midpoint of the clavicle; 
4, cricoid cartilage; 5, probe positioning (classic approach); 6, probe 
positioning (Borgeat approach).

Figure 92-13. Ultrasound interscalene block procedure: patient 
head and probe position and in-plane needle approach.
Chapter 92: Regional Anesthesia in Children 2731

located by palpation in the interscalene groove, just pos-
terior to the sternocleidomastoid muscle, at the level of 
the cricoid cartilage. The puncture site is identified at the 
junction of the upper two thirds, with the lower third of 
the line joining the skin projection of the C6 process and 
the midpoint of the clavicle (Fig. 92-15). The success rate 
for this approach is very high, with a good safety record. 
Occasionally, blockade of the lower cord (ulnar nerve or 
medial branch of the median nerve) can be incomplete. 
The morbidity of this technique is virtually nil.225

SUPRACLAVICULAR BRACHIAL  
PLEXUS BLOCK

In contrast to other brachial plexus blocks, risk for pneu-
mothorax is increased because of the proximity of the 
lung parenchyma at this level. Use of ultrasound guid-
ance with an in-plane approach is strongly recommended 
and allows real-time viewing of the needle tip, thus avoid-
ing inadvertent pleural puncture.

Ultrasound-guided supraclavicular block in adults has 
been described in several articles, but few reports are avail-
able in the pediatric literature.226,227 The brachial plexus 
trunks gather at the lower part of the interscalene space, 
where they surround the subclavian artery. This level 
carries the advantage of being the area where the trunks 
are most compact. With a high-frequency probe placed 
parallel and against the clavicle in the coronal oblique 
plane (Fig. 92-16), the brachial plexus (trunk or divi-
sion) appears as a cluster of hypoechoic nodules located 
lateral, posterior, and superior to the subclavian artery 
(hypoechoic and pulsatile) and just above the underlying 
first rib (hyperechoic and curvilinear) (Fig. 92-17). Care 
should be taken to avoid intravascular injection of sur-
rounding vessels (i.e., the suprascapular artery or dorsal 
scapular artery) by using color Doppler (Fig. 92-18). The 
needle is slowly advanced under direct visualization with 
an in-plane approach (from lateral to medial) toward the 
angle formed by the first rib and the subclavian artery 
(see Fig. 92-17). The goal of the supraclavicular technique 
is to see the spread of local anesthetic reaching the angle 
between the first rib and the subclavian artery.

Lateral Medial

Sternocleidomastoid
muscle

Middle scalene
muscle

C5-C6-C7 brachial
plexus roots

Carotid artery Internal
jugular

vein

Anterior scalene
muscle

Needle

Figure 92-14. Ultrasound interscalene block imaging
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Ultrasound guidance has increased the safety profile 
of the supraclavicular approach so that in experienced 
hands this may be one of the most reliable and effective 
blocks of the brachial plexus.223

INFRACLAVICULAR BRACHIAL  
PLEXUS BLOCKS

Infraclavicular Approaches
Infraclavicular blocks have gained considerable interest, 
especially with the development of ultrasound guidance. 
They consist of approaching the divisions (close to the 
clavicle) or the cords (close to or below the coracoid pro-
cess) of the brachial plexus. The two main approaches are 
midclavicular and paracoracoid, both performed with the 
patient in the dorsal recumbent position.228 A catheter 

1

2

3

4

Figure 92-15. Parascalene approach to the brachial plexus. 1, Ster-
nocleidomastoid muscle; 2, skin projection of the Chassaignac tuber-
cle; 3, midpoint of the clavicle; 4, cricoid cartilage.

Figure 92-16. Supraclavicular block procedure. Probe position and 
in-plane needle insertion.
can be easily inserted and safely secured, which is not the 
case in the axilla area.

Midclavicular Approaches
Two midclavicular approaches, vertical and anterolateral, 
have been described. The vertical midclavicular approach 
is performed by inserting the needle at a right angle to 
the skin, immediately below the midpoint of the lower 
border of the clavicle, until twitches are elicited in the 
upper extremity. Even though use of this technique was 
reported in pediatric patients without apparent compli-
cation,226,229 the path followed by the needle threatens 
the apical pleura and lung, thus contraindicating this 
approach in children.

The anterolateral midclavicular approach can be safely 
used in children lying supine with the ipsilateral arm 
alongside the thorax. The landmarks are the coracoid pro-
cess of the scapula, the lower border of the clavicle, and 
the deltopectoral groove (Fig. 92-19). The block needle is 
introduced 1 cm below the midpoint of the lower border 
of the clavicle at a 30- to 45-degree angle dorsally and a 
30-degree angle laterally, aligned with the deltopectoral 
groove, in direction to the axilla. The objective is to enter 
the neurovascular sheath 1.0 to 1.5 cm medially to the 
coracoid process of the scapula until twitches are elicited 
in the arm, forearm, or hand.

Lateral Medial

Subclavian artery

First rib

Brachial plexus
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Figure 92-17. Ultrasound supraclavicular block imaging.
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Figure 92-18. Ultrasound supraclavicular block imaging and sur-
rounding vessels by using color Doppler.



Paracoracoid Approaches
The medial paracoracoid approaches are currently the 
most popular techniques of infraclavicular blockade in 
children. It is the reference technique with neurostimula-
tion and the one with the lowest morbidity. The puncture 
site is located at the caudal extremity of the deltopec-
toral groove, 1 to 2 cm (according to patient’s age) both 
caudally and medially to the coracoid (see Fig. 92-19). 
Abducting the upper arm at 90 degrees instead of placing 
it alongside the thorax brings the plexus closer to the skin 
and favors circumferential spread of local anesthetic.230 
The needle is inserted perpendicularly to the skin until 
twitches are elicited in muscles of the upper extremity.

Ultrasound Infraclavicular Block
The lateral paracoracoid approach under neurostimu-
lation is technically feasible but unsafe if concomitant 
ultrasound imaging is not available, because of the danger 
of pleural penetration. The technique can be performed 
with the arm extended alongside the thorax or abducted 
110 degrees and the elbow flexed by 90 degrees,228 thus 
taking away the neurovascular sheath from the parietal 
pleura and loosening it to favor circumferential spread 
of the local anesthetic. Useful ultrasound landmarks are 
the axillary artery and vein, which are located deep and 
medial to the cords, with the vein positioned medial 
and caudal to the artery. Pectoralis major and minor 
muscles are most superficial overlying the neurovascular 
structures.

Two main infraclavicular approaches are used. One is 
a proximal approach with the probe placed parallel and 
immediately below the clavicle, and the cords are located 
lateral to the axillary artery (Fig. 92-20). The second is a 
paracoracoid approach with the probe placed in a para-
sagittal plane immediately medial and inferior to the cor-
acoid process, allowing a short-axis view of the brachial 
plexus (Fig. 92-21). A great deal of individual anatomic 
variation occurs in the location of the cords around the 
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Figure 92-19. Infraclavicular approaches to the brachial plexus. LPA, 
Lateral paracoracoid approach; MCA, midclavicular approach; MPA, 
median paracoracoid approach; 1, ultrasound probe; 2, coracoid pro-
cess of the scapula; 3, midpoint of the clavicle.
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artery. Commonly, the lateral cord is most easily viewed, 
the medial cord lies between the artery and vein, and 
the posterior cord is deep to the artery and frequently 
difficult to individualize. The needle is introduced using 
an in-plane approach from lateral (superior) to medial 
(inferior), and advanced aiming to place local anesthetic 
posterior to the axillary artery near to the posterior cord 
(Fig. 92-22).

Lateral Medial

Axillary artery

Axillary vein

Pectoralis major muscle

Pleura

Brachial plexus

Figure 92-20. Ultrasound infraclavicular block, infraproximal 
approach. At this proximal level, the pectoralis major is the main mus-
cle seen superficial to the neurovascular bundle. The pectoralis minor 
is located distally to this ultrasound section. Among the neurovascular 
bundle structures the axillary vein is the most medial, followed by the 
axillary artery and then the divisions of the plexus most laterally.

Figure 92-21. Paracoracoid infraclavicular approach procedure, with 
probe position and in-plane needle insertion.
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Axillary Approach
The axillary block is the most common approach to the 
brachial plexus in pediatric patients, aiming to approach 
the plexus at the level of its terminal branches in the 
axilla. It is a relatively easy and safe procedure to control 
perioperative pain in elbow, forearm, and hand surger-
ies. In children, several variants of the axillary approach 
have been described, with no difference in clinical out-
comes regardless of the technique selected. In contrast to 
the procedure in adults, the transarterial approach is not 
used in children because of the higher incidence of vessel 
spasm and potential risk for ischemia. Unlike in adults, 
a single injection is sufficient to block all the nerves of 
the forearm and hand, with the exception of the muscu-
locutaneous nerve in 50% of cases.231 To overcome this 
problem, the most useful variant of this technique is the 
transcoracobrachialis approach. The child is placed in 
the supine position with the ipsilateral arm both supi-
nated and abducted by 90 degrees.218 The block needle 
is introduced posteriorly at the crossing of the coraco-
brachialis muscle with the lower border of the pectoralis 
major muscle (Fig. 92-23). The needle is advanced poste-
riorly toward the medial border of the humerus through 
the upper and lateral part of the coracobrachialis muscle 
(within which runs the musculocutaneous muscle). With 
neurostimulation, the musculocutaneous nerve is usually 
the first nerve encountered (it will be preferably blocked 
on removal of the needle); the needle is moved deeper 
until it crosses the perineurovascular sheath217 and elicits 
twitches in the muscles of the hand and forearm. At this 
level the cords have split into terminal nerves, and the 
median nerve is usually contacted first. The local anes-
thetic is then injected, and the needle is removed while a 
small volume (0.1 mL/kg up to 5 mL) is injected close to 
the musculocutaneous nerve. All tourniquet pain (inter-
costobrachial nerve) can be ablated with subcutaneous 
injection in the axilla.

With ultrasound guidance, a high-frequency probe 
is placed perpendicular to the major axis of the arm to 
obtain a short-axis view of the neurovascular bundle. 
The ultrasound-guided axillary approach to the brachial 
plexus is strictly a multiinjection technique. At this level, 
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Figure 92-22. Ultrasound infraclavicular block imaging by paracora-
coid approach.
median, radial, and ulnar nerves are situated close to the 
axillary artery and vein. Great variation exists on the 
anatomic relationship of nerves with axillary location.232 
Generally, the median nerve is located between the lateral 
aspect of the artery and the brachial biceps muscle, the 
ulnar nerve is located more superficial and medial to the 
artery, and the radial nerve lies deep to the artery. Sliding 
the probe from distal arm to axilla area should help iden-
tify the nerve. The needle can be visualized throughout 
the procedure as it progresses in the plane of the ultra-
sound beam (Fig. 92-24); its tip can be precisely placed 
close to each of the three main nerves and, on removal of 
the needle, close to the musculocutaneous nerve between 
the coracobrachial and short head of the biceps muscles.

Axillary blocks are very safe. Accidental arterial punc-
ture is the most undesirable incident, which may occa-
sionally result in transient vascular insufficiency or a 
compressive hematoma. Intraneural injection is the most 
feared complication. It is usually thought to be the main 
cause of permanent nerve damage and mostly undetected 
in the patient under general anesthesia. In a prospective 
study on volunteers (that surprisingly got approval from 
an ethics committee), Bigeleisen and associates131 deliber-
ately attempted to penetrate axillary nerve trunks under 
ECG guidance. Deliberate intraneural injections were 
made, and the patients were evaluated after the injection 
and 6 months later. No motor or sensory deficits were 
observed. Regardless of whether the design of this study 
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Figure 92-24. Ultrasound-guided axillary block imaging.
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Figure 92-23. Axillary approaches to the brachial plexus. CA, Clas-
sic approach; TCA, transcoracobrachialis approach; 1, pectoralis major 
muscle; 2, ultrasound probe; 3, axillary artery; 4, coracobrachialis 
muscle.



is debatable, the results are interesting in showing that 
intraneural injection might not be as detrimental as com-
monly believed and might even be innocuous provided no 
intrafascicular injection (which elicits strong resistance to 
injection and excruciating pain) is made. However, such 
intraneural injections should be avoided, especially when 
ultrasound imaging is suggestive (tip of the needle within 
the nerve path and increase in nerve diameter when a 
fraction of the local anesthetic is being injected).

When continuous analgesia is required, a catheter may 
be introduced into the axillary neurovascular sheath, but 
its fixation and immobilization are difficult. Usually, peri-
clavicular or interscalene approaches are preferred, with 
safe immobilization and increased patient comfort at 
these levels.

The volume of injectate is critical and depends on 
the approach and technique used to locate the nerves 
(Table 92-10). With neurostimulation, no information 
is obtained regarding the circumferential spread around 
nerve trunks; thus, recommended volumes of injection 
are based on the probability to obtain complete block-
ade. With ultrasound-guided techniques, the circumfer-
ential spread of local anesthetics can be clearly seen as a 
complete “donut” surrounding the relevant nerve trunk. 
In clinical practice, the use of ultrasound for nerve block 
must be associated with a significant reduction in the vol-
ume of local anesthetic.

DISTAL CONDUCTION BLOCKS

Elbow and Forearm Approaches
In pediatrics, approaching the radial, median, or ulnar 
nerve at the elbow or wrist is still not very common. 
These approaches are rather difficult with neurostimula-
tion only, and their failure rate is relatively high when 
blind subcutaneous injections are made. Indications have 
long been limited to complementation of partially failed 
brachial blocks.

Ultrasound imaging is widening the field of indications 
for these techniques because these superficial nerves are 
easy to identify and approach with ultrasound guidance, 
the more so as very small amounts of local anesthetic 
(0.05 mL/kg up to 1 to 2 mL) are sufficient to produce 
complete nerve blockade. It is possible to block median 
and ulnar nerves at any point of their route from the wrist 
to the axilla, but at the level of the wrist, caution is neces-
sary because it is often difficult to distinguish the nerves 
from the tendons owing to their similar appearance.

 •

 •

 •

TABLE 92-10 USUAL LOCAL ANESTHETIC BOLUS 
DOSES OF ROPIVACAINE 0.1% (NEONATE) TO 
0.2% OR LEVOBUPIVACAINE 0.125% (NEONATE) 
TO 0.25% AND INFUSION RATES FOR BRACHIAL 
PLEXUS NERVE BLOCKS

Conduction Block
Bolus Doses 
(mL/kg) Infusion Rates

Brachial plexus above and 
below clavicle

0.3-0.5 0.1-0.2 mL/
kg/hr

Any nerve trunk at elbow 0.1-0.2 —
Any nerve trunk at wrist 0.05-0.1 —

F

F
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  The median nerve is located in the antecubital fossa 
just medial to the brachial artery (Fig. 92-25). In the 
middle of the midforearm, the median nerve is medial 
to the radial artery and medial and superficial to the 
radius (Fig. 92-26). At the wrist, the medial nerve is 
located between the tendons of the palmaris longus 
and the flexor carpi radialis but the distinction between 
the nerve and tendons may be difficult.

  The ulnar nerve can be blocked several centimeters 
above (Fig. 92-27) or below the elbow but never in the 
cubital tunnel, the groove between the olecranon and 
the medial epicondyle, because it can be compressed 
in this poorly compliant space. At the wrist, the ulnar 
nerve appears as a small hyperechoic triangle in close 
proximity to the medial side of the ulnar artery (Fig. 
92-28, A). To facilitate and secure the procedure, we 
prefer to track the ulnar nerve proximally until it 
separates away from the artery (see Fig. 92-28, B).

  The radial nerve travels posterior to the humerus 
to the lateral side of the elbow, where it divides 
into superficial and deep branches. When scanning 
the posterolateral aspect of humerus just above the 
elbow, the radial nerve can be visualized below the 
brachial muscle in close proximity to the humerus 
(Fig. 92-29).

LateralMedial

Brachial artery

Medial epicondyle

Median nerve

igure 92-25. Ultrasound view of median nerve at the elbow level.
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Median nerve

igure 92-26. Ultrasound view of median nerve at the midforearm.
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IGITAL BLOCKS
raditional digital ring blocks are almost never used in
ildren, at least by anesthesiologists, because of techni-
lly safer alternatives such as the transthecal or metacar-

al block and subcutaneous infiltration.
Transthecal blocks233 consist of injecting a local anes-
etic within the small space between the synovial sheath
 each digital flexor tendon and the fibrous sheath that
rrounds it and is attached proximally to the head of the
etacarpal bone of the three median fingers (this sheath
 more extended at the levels of the thumb and forefin-
r). In contrast to digital nerve blocks, it is safer because

o terminal artery is close enough to cause complications,
 is simpler because only a single injection is required,
d it is less painful in conscious patients, even though
e injection is not pain free. Caution should be taken
 the case of infection to avoid bacterial contamination
 the synovial sheath; in this case, the technique is con-
aindicated. The landmark is the head of the relevant
etacarpal bone located by palpation of the palm while
e hand is supinated. Then a 25- to 27-gauge intradermal

eedle is inserted perpendicularly to the palm, right in the
nter of the skin projection of the metacarpal head at the
vel of the distal palmar crease (Fig. 92-30), until bone
ntact is made. The needle is then slightly withdrawn

o avoid subperiosteal injection) and the local anesthetic
% or 2% lidocaine without epinephrine) is injected.
 

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

A single, subcutaneous digital block was developed 
with the rationale of avoiding introduction of fluid into 
the digital flexor tendon sheath and a theoretic risk for 
infection. The subcutaneous block was performed by a 
single injection with a 25-gauge needle into the palmar 
skin at the base of the finger.234

Note that these palmar techniques, including single 
subcutaneous palmar block and transthecal block, carry 
a risk for anesthetizing only the last two phalanges and 
the ventral aspect of the proximal phalanx of the fingers.

LOWER EXTREMITY  
CONDUCTION BLOCKS

LUMBAR PLEXUS NERVE BLOCKS

Anatomic Considerations
The lumbar plexus is formed by the union of the ante-
rior rami of the first four lumbar nerves (L1-L4) with 
variable input from the 12th thoracic nerve (T12) and 
L5. The lumbar plexus lies in the psoas compartment 
in the paravertebral space, with the anterior border 
formed by the psoas major muscle and the posterior 
border formed by the quadratus lumborum muscle. As it 
emerges from this space, it divides into the four nerves 
that innervate the anterior portion of the upper aspect 
of the lower  extremity—the femoral, lateral cutaneous, 
Figure 92-28. Ultrasound view 
of ulnar nerve at the wrist (A) and 
at midforearm level (B).
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Figure 92-27. Ultrasound view of ulnar nerve at the elbow.

Humerus

Radial nerve

Figure 92-29. Ultrasound view of radial nerve at the posterolateral 
aspect of the midarm.



genitofemoral, and obturator nerves. These nerves run a 
variable part of their course just below the fascia iliaca, 
which is the common fascia covering psoas and iliacus 
muscle. A sufficient volume of local anesthetic injected 
at the inner surface of this fascia will spread along it and 
reach these nerves, thus producing a fascia iliaca com-
partment block.

Psoas Compartment Block  
(Direct Lumbar Plexus Block)
Psoas compartment block is performed with the child 
turned in the lateral decubitus position with the operated 
side uppermost. The landmarks are the iliac crests, the 
ipsilateral posterior superior iliac spine, and the L5 spi-
nous process. The following three puncture sites can be 
used (Fig. 92-31):

 1.  The midpoint of the line joining the posterior iliac spine 
to the L5 spinous process (modified Chayen approach)

 2.  A point located on the intercristal line (Tuffier line), 
three quarters of the distance between the spinous pro-
cess of L4 and a line parallel to the spinal column pass-
ing through the posterior superior iliac spine235

 3.  A point located at medial two thirds and the lateral 
one third on a line from spinous process of L4 to the 
posterior superior iliac spine236

  

Whatever the puncture site used, the block needle is 
inserted perpendicularly to the skin until twitches are 
elicited in the ipsilateral quadriceps muscle. Complica-
tions, including cardiac arrest from intravascular injec-
tion, psoas muscle hematomas, epidural anesthesia, and 
retroperitoneal injection if the needle is inserted deeper 
than recommended, have been reported.237,238 Conse-
quently, this regional technique should be performed 
only by trained anesthesiologists, taking into consider-
ation the depth of the lumbar plexus estimated according 
to the patient’s age or weight and the proximity of impor-
tant anatomic structures to the psoas compartment.

Figure 92-30. Transthecal nerve block. The head of the metacarpal 
bone is located by palpation.
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The usual indications for this block are surgeries on the 
hip or femoral shaft (femoral and hip osteotomies). These 
operations require blockade of the three main nerves 
innervating the hip joint: femoral, lateral femoral cuta-
neous, and obturator nerves. Psoas compartment block 
can produce excellent postoperative pain management 
during the first 48 hours. A recent study using sonogra-
phy of the lumbar plexus in children showed that the 
depth of the lumbosacral plexus correlated with weight 
rather than age.239 Continuous psoas compartment block 
provides good management of pain relief in major hip or 
femoral surgeries in children.123,235,240 Continuous psoas 
compartment block has been compared with continuous 
epidural block in hip and femoral surgery in children.123 
Continuous psoas compartment block provided the same 
quality of postoperative analgesia with significantly less 
adverse events and required decreased doses of ropiva-
caine than continuous epidural block.

Femoral Nerve Block
Femoral nerve blocks are performed while the child 
lies supine, preferably with the ipsilateral limb slightly 
abducted. The landmarks are the inguinal ligament and 
the femoral artery. The puncture site is located 0.5 to 1.0 
cm both below the inguinal ligament (not the inguinal 
crease) and lateral to the femoral artery (Fig. 92-32). The 
block needle is inserted posteriorly, either perpendicular 
to the anterior aspect of the thigh or, especially when a 
catheter has to be inserted, at a 45-degree angle cephalad, 
pointing to the umbilicus, until twitches are elicited in 
the quadriceps muscle when neurostimulation is used.

Ultrasound imaging makes the technique even eas-
ier.139 The probe is placed slightly above and parallel to 
the inguinal ligament (Figs. 92-33 and 92-34).

The main surgical indications are femoral shaft or knee 
surgeries. The introduction of a catheter for continu-
ous analgesia can be achieved by the direct perivascular 
(femoral) approach241 or the fascia iliaca compartment 
approach.242,243 These two approaches have never been 
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Figure 92-31. Landmarks of psoas compartment block with different 
procedures described in the pediatric literature. PSIS, posterior superior 
iliac spine.



PART VI: Pediatric Anesthesia2738

A

Probe

USGA

C

B

FICB

FNB

FICB FNB

1

2

3

4 5 6 7

8

9

10

Figure 92-32. Femoral nerve and fascia iliaca compartment blocks. A, Landmarks and probe positioning. B, Patient position. C, Transverse 
section of the thigh. FICB, Fascia iliaca compartment block; FNB, femoral nerve block; USGA, ultrasound-guided approach; 1, iliopectineal arch;  
2, psoas muscle; 3, lateral cutaneous nerve of the thigh; 4, fascia iliaca; 5, femoral nerve; 6, femoral artery; 7, femoral vessel sheath; 8, fascia lata; 

9, division branches of the obturator nerve; 10, sciatic nerve.
compared in terms of efficacy in children.244 The fascia 
iliaca technique, which does not require the use of a 
nerve stimulator or mobilization of the limb, seems easier 
to perform in fractures of the femur with less accidental 
vascular puncture.

Fascia Iliaca Compartment Blocks
The technique consists of injecting a local anesthetic 
below the fascia iliaca.244 The injectate spreads at the 

Figure 92-33. Probe location for ultrasound in-plane femoral block 
procedure.
inner surface of the fascia and, depending on its volume, 
spreads around the nerves emerging from the lumbar 
plexus that supply the lower extremity. The technique is 
performed with the child lying supine (see Fig. 92-32). 
With this technique, the femoral and lateral cutaneous 
nerves are almost constantly blocked. The local anes-
thetic usually reaches the upper division branch of the 
obturator nerve, which is the branch giving a twig to the 
hip joint. The anesthetized area also includes areas sup-
plied by upper branches of the lumbar plexus in more 
than 70% of procedures, such as the genitofemoral nerve.

Perivascular femoral nerve and fascia iliaca compart-
ment approaches have never been compared in terms 
of efficacy in children.244 The fascia iliaca compartment 
block was superior in terms of blockade for lateral cuta-
neous, obturator, and genitofemoral nerves. The peri-
vascular approach provides a risk for significant vascular 
puncture. Moreover, the fascia iliaca technique, which 
does not require the use of a nerve stimulator or mobiliza-
tion of the limb, seems easier to perform in femur fracture 
surgeries.

Performing this block using ultrasound showed several 
advantages, including extension of the duration of post-
operative analgesia and decrease in the volume of injected 
local anesthetic in contrast to that with neurostimulation 
technique.139 Local anesthetic injected volumes were 
decreased by two—0.15 versus 0.3 mL/kg—in ultrasound-
guided techniques and nerve stimulation. The duration 
of analgesia was significantly increased to approximately 



508/178 minutes versus approximately 335/69 minutes 
for all blocks using the same techniques.139

Usual doses of local anesthetic are 0.2 to 0.5 mL/kg in 
single-shot or induction bolus and 0.1 to 0.2 mL/kg/hr 
in postoperative continuous infusion of long-acting local 
anesthetic. Patient-controlled regional anesthesia can be 
used with bolus of 0.1 mL/kg (up to 5 mL, and maximum 
3 boluses per hour). Local anesthetics with epinephrine 
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Figure 92-34. Ultrasound picture of femoral nerve block procedure.
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produce significantly lower plasma concentrations and 
should be preferred whenever possible. Addition of cloni-
dine (1 to 2 μg/kg) significantly prolongs the duration of 
analgesia.46

In fascia iliaca compartment and femoral nerve block, 
placement of a catheter is easy and allows long-lasting pain 
relief (Fig. 92-35) and is improved with ultrasound guid-
ance. Recently, Lako and associates243 compared continu-
ous fascia iliaca block and intravenous morphine in terms 
of analgesia and side effects in children undergoing pel-
vic osteotomy. The authors noted excellent postoperative 
pain relief, with less sedation and a better return of appe-
tite in the regional analgesia group in contrast to the mor-
phine group. On the other hand, Paut and colleagues242 
determined plasma concentrations of bupivacaine during 
continuous fascia iliaca block in children after major femur 
or knee surgery or femoral fracture. The regimen of local 
anesthetic administration was a bolus dose of 0.25% bupi-
vacaine with epinephrine followed by continuous admin-
istration of 0.1% bupivacaine for 48 hours. They concluded 
that the plasma concentrations of bupivacaine during 
continuous fascia iliaca compartment block are within the 
safety margins for children (0.71 ± 0.4 g/mL and 0.84 ± 0.4 
g/mL at 24 hours and 48 hours, respectively).

Other Lumbar Plexus Nerve Blocks
SaphenouS neRve block. Saphenous nerve blocks are used 
as a complement to sciatic blocks with small amounts of 
local anesthetic. Because the saphenous nerve is a purely 
sensory nerve, it is not identifiable by neurostimulation. 
Many block procedures have been published, all result-
ing in a high failure rate (30% or higher). Ultrasound 
imaging, currently underevaluated in this indication, is a 
promising technique.

The classic approach is performed at knee level with the 
patient supine. The anterior edge of the medial head of the 
gastrocnemius muscle and the tibial tuberosity are identified 
by palpation. A line is drawn at a 45-degree angle with the 
intercondylar line, from the tibial tuberosity to the anterior 
edge of the gastrocnemius muscle. The technique consists 
of subcutaneously injecting local anesthetic along this line. 
This very simple technique is virtually free of complications, 
but its failure rate is rather high.
Figure 92-35. Femoral nerve 
catheter placement (A) and spread 
of contrast medium solution after 
injection into the catheter (B).

A B
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The saphenous and vastus medialis nerve block takes 
advantage of the proximity of the vastus medialis and 
saphenous nerves within the adductor canal in the upper 
part of the thigh. Being a mixed nerve, the vastus media-
lis nerve can be located easily by neurostimulation, and 
injecting a local anesthetic results in concomitant block-
ade of the two nerves. The landmarks are the femoral 
artery, the inguinal ligament, and the upper border of the 
sartorius muscle (Fig. 92-36). A short and short-beveled 
insulated needle is inserted perpendicularly to the skin, 
0.5 cm lateral to the femoral artery just above the upper 
border of the sartorius until twitches are elicited in the 
vastus medialis muscle. Injecting 0.1 to 0.2 mL/kg of a 
local anesthetic is sufficient to block the two nerves and 
obtain complete analgesia of the medial aspect of the leg 
and foot.

The transsarterial approach aims to infiltrate the fat 
pad located between the inner aspect of the sartorius 
muscle and great adductor tendon. The puncture site is 
situated at the level of the upper border of the patella, on 
the medial aspect of the sartorius muscle located by pal-
pation. The block needle is inserted medially and slightly 
posteriorly with a 45-degree angle caudally, in the direc-
tion of the medial femoral condyle until a loss of resis-
tance is felt as the subsartorial fat pad (through which 
runs the saphenous nerve) is penetrated. The paravenous 
approach, originally described as a “blind” infiltration 
technique on both sides of the saphenous vein in the 
upper part of the medial aspect of the leg, is considerably 
improved by ultrasound imaging because the saphenous 
vein is easy to locate. Inserting the needle along the major 
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Figure 92-36. Saphenous and vastus medialis nerve block. 1, Femo-
ral nerve; 2, femoral artery; 3, sartorius muscle; 4, saphenous nerve;  
5, motor nerve supplying the sartorius muscle; 6, vastus medialis muscle.
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th
xis of the probe allows clear visualization of needle pro-
ression toward the vein and circumferential spread of 
he local anesthetic.

aTeRal cuTaneouS neRve block. A specific lateral cuta-
eous nerve block is rarely used in children; its main 
dication is as a technique complementary to a femoral 

lock. Ultrasound guidance can be used.

bTuRaToR neRve block. This procedure is performed 
ith the child supine and the thigh slightly abducted 
nd externally rotated (if possible). The landmarks are 
he groove between the tendon of the long adductor 

uscle and medial border of the pectineus muscle. The 
uncture site lies in this groove at the level of the greater 
rochanter of the femur. With neurostimulation, the nee-
le is inserted following a strict anterior to posterior path 
ntil twitches are elicited in the long and short adductor 
uscles (stimulation of the anterior division branch of 

he obturator nerve). The needle is further advanced dor-
ally over 1 to 2 cm until twitches are elicited in the great 
dductor (posterior branch). Half of the local anesthetic 
olution (of a total of 0.1 mL/kg up to a maximum of 
 mL per nerve) is injected; the needle is then removed 
ntil stimulation of the anterior branch is obtained again 
nd the second half of the anesthetic is injected.

The same technique can be performed with ultrasound 
aging. The probe is placed below the pubic tubercle, 

ith its major axis parallel to the inguinal ligament. The 
poneuroses of the sartorius and long and short adduc-
ors are easily identified. The anterior branch can be eas-
y found between the long and short adductors, and the 
osterior branch lies between the short and great adduc-
ors (Fig. 92-37).

CIATIC NERVE BLOCKS

natomic Considerations
he sacral plexus is formed by the anterior rami of the 
urth and fifth lumbar nerves and the first three sacral 
erves with variable input from the fourth sacral nerve. 
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igure 92-37. Obturator nerve block, with ultrasound imaging of 
e anterior and medial aspect of the thigh.
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Figure 92-38. Position and 
ultrasound visualization of the 
in-plane subgluteal approach to 
sciatic nerve.

Sciatic
nerve

Needle
The sacral plexus lies on the surface of the sacrum ante-
rior to the piriformis muscle. The sacral plexus gives rise 
to the other two nerves that innervate the lower extrem-
ity: the posterior cutaneous nerve of the thigh (otherwise 
known as the small sciatic nerve) and the sciatic nerve. 
Peripheral blockade of these two nerves is considered 
together as blockade of the sciatic nerve. These two nerves 
travel together in the same sheath as they exit through 
the greater sciatic foramen into the posterior aspect of 
the upper part of the leg. The sciatic nerve runs in the 
midline of the posterior aspect of the thigh to the apex 
of the popliteal fossa. At the level of this fossa, it divides, 
at a variable distance, into the common peroneal and the 
posterior tibial nerves. The common nerve continues its 
descent around the head and neck of the fibula. The ter-
minal branches form the superficial and deep peroneal 
nerves. The tibial nerve runs in the internal face of the leg 
and emerges laterally and behind the tibial artery at the 
level of the lateral malleolus. Its terminal branches are the 
lateral and medial plantar nerves.

Indications and Contraindications
Sciatic nerve blocks are recommended for operations on 
the foot and the leg (a complementary saphenous nerve 
block is often required because this nerve provides cutane-
ous innervation of the medial aspect of the leg). Depend-
ing on the surgery, the sciatic nerve will be approached in 
the popliteal fossa or more proximally. Sciatic blocks have 
no specific contraindications. As with other extremity 
nerve blocks, patients at risk for compartment syndrome 
require close monitoring and use of diluted solution to 
avoid motor blockade.

Proximal Sciatic Nerve Blocks
Numerous techniques have been described for which the 
associated morbidity can differ significantly. When suc-
cessful, they provide the same distribution of anesthe-
sia. When contemplating a proximal sciatic block, the 
anesthesiologist must consider (1) morbidity of the tech-
nique, (2) positioning of the patient, (3) technique used 
to locate the nerve, (4) necessity for catheter placement, 
and (5) experience of the anesthesiologist with this par-
ticular technique.

SubgluTeal appRoach. The subgluteal approach is a com-
mon proximal way to the sciatic nerve in children. This 
block can be performed in a supine, lateral, or prone posi-
tion. In supine position, the leg is flexed to 90 degrees at 
the hip with the knee flexed at 90 degrees (Fig. 92-38). 
This position is preferable in small children. In older 
ones, the lateral or prone position is preferred. The point 
of puncture is located at the midline joining the ischiatic 
tuberosity and the greater trochanter of the femur. The 
needle is inserted at right angles to the skin toward the 
femur until twitches are elicited in the foot. The nerve 
is easily accessible, is relatively superficial, and lies in a 
palpable groove.

Ultrasound guidance with or without neurostimula-
tion facilitates the success of this block.245 Continuous 
subgluteal block can be easily performed and permits 
good postoperative pain management in major ankle or 
foot pediatric surgery.245

laTeRal appRoach. A lateral approach to the sciatic nerve 
has been described for use in patients lying supine246 with 
the relevant leg slightly rotated medially. The needle is 
inserted horizontally toward the lower border of the 
femur (Fig. 92-39). If bone contact is made, the needle is 
withdrawn and reinserted slightly more posteriorly until 
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Figure 92-39. Proximal sciatic lateral block procedure.
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twitches are elicited in the leg and the foot. The distance 
at which the sciatic nerve is found can be correlated with 
patient age (Fig. 92-40).

Proximal lateral sciatic nerve blocks have been described 
for major foot surgery in children, but with high doses of 
local anesthetics and catheter migration or dislodgement 
maintained during patient mobilization.247,248 It has 
been described in children with the same landmarks and 

B

A

Figure 92-40. Sciatic popliteal nerve block with lateral approach (A) 
and posterior modified Singelyn technique approach (B).
technique of puncture described later. The catheter can 
be fixed with transparent dressing or tunneled to permit 
more stable fixation and prolonged administration.

Popliteal Sciatic Approach
Popliteal nerve block is a particularly simple, safe, and 
effective method, providing good analgesia with small 
amounts of local anesthetics. This approach is the first 
choice for major foot and ankle surgeries in children to 
ease the introduction of the catheter. The two approaches 
to the sciatic nerve in the popliteal fossa are the lateral 
and posterior approaches. The child may remain in the 
supine position for the lateral approach. The landmark for 
lateral distal sciatic nerve approach is the groove between 
the vastus lateralis muscle and the tendon of the long 
head of the biceps femoris muscle at the level of the supe-
rior edge of the patella (Fig. 92-41, A). In the posterior 
approach, the child is placed in the prone or, preferably, 
the semiprone position, resting on the nonoperated side. 
A popliteal sciatic nerve block with posterior approach 
is performed using the landmarks of Singelyn and col-
leagues249 adapted to children (see Fig. 92-41, B). A nerve 
stimulator may be used to assist the practitioner to iden-
tify the nerve. Correct needle placement is identified when 
an output 0.6 mA elicits a characteristic motor response 
corresponding to either tibial (dorsiflexion of the foot) or 
common peroneal (foot eversion) nerve stimulation.

Ultrasound guidance is easy at this level, allowing an in-
plane or out-of-plane approach depending on the habits of 
the practitioner. Ultrasound scanning permits the location 
of the sciatic nerve and its division in popliteal fossa.245,250 
The sciatic nerve is usually located laterally and superfi-
cially to the popliteal artery (Fig. 92-41). Ideally, the sciatic 
nerve should be blocked before its division into tibial and 
common peroneal nerves to obtain the best result.

Pain management for major foot and ankle sur-
gery requires continuous sciatic nerve block. The distal 
approach is particularly interesting because of the ease 
of performance and the quality, power, and duration of 
analgesia with low doses of local anesthetics.67,156,251,252 
Continuous popliteal nerve block was compared with con-
tinuous epidural block in children undergoing major foot 
and ankle surgery.252 Both techniques were associated with 
excellent postoperative analgesia in this study, but con-
tinuous popliteal nerve block led to less urinary retention, 
less discontinuation of local anesthetic infusion, and less 
Figure 92-41. Ultrasound of sci-
atic popliteal nerve block. Sciatic 
nerve is usually located laterally 
and superficially to the popliteal 
vessels.
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nausea and vomiting. The popliteal catheter is the location 
most frequently used to treat children at home.79,155,156

Transthecal and Metatarsal Blocks
The metatarsal (or midtarsal) block is an easy technique 
for providing good pain relief for surgical procedures on 
the toes. The child is placed supine, and the head of the 
relevant metatarsal is palpated on the sole. The technique 
consists of inserting a standard intramuscular needle dor-
sally on the dorsum of the foot in close contact with the 
medial border of the base of the metatarsal until the tip 
of the needle is felt and seen as it pushes the skin of the 
sole. A volume of 1 to 3 mL of local anesthetic is then 
injected while the needle is slowly withdrawn. The same 
procedure is repeated along the lateral border of the same 
metatarsal to provide full anesthesia of the relevant toe.

The transthecal technique as described for finger 
procedures can be transposed to the sole of the foot by 
palpating the head of the relevant metatarsal bone and 
injecting a small volume of local anesthetic in the fibrous 
sheath surrounding the tendinous sheath of flexor ten-
dons. However, except for the greater toe, the landmarks 
are more difficult to identify and, because of the thick-
ness of the sole, the infiltration is technically more dif-
ficult and less precise.

BLOCKS OF NERVES SUPPLYING  
THE TRUNK

Surgeries of the trunk are some of the most common sur-
geries performed in children. Traditionally, central blocks 
are the regional analgesia frequently used for these pro-
cedures. Nevertheless, central blocks have some adverse 
effects, including unwanted motor block, urinary reten-
tion, pruritus, nausea and vomiting, and risk for spinal cord 
trauma or epidural hematoma. Internationally, peripheral 
nerve blocks are increasingly taking place in the practice of 
pediatric anesthesia.98 An epidemiologic study found that 
truncal blocks are the most commonly employed in chil-
dren, even preferred over central blocks, because of their 
low morbidity. Abdominal wall blocks are known as effec-
tive techniques to provide adequate analgesia for minor 
abdominal surgery in children. Moreover, these techniques 
are readily accessible to ultrasound guidance.
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PERIPHERAL BLOCKS FOR ABDOMINAL 
WALL SURGERY

Rectus Sheath and Paraumbilical Block
The rectus sheath and paraumbilical block technique 
consists of injecting a local anesthetic within the sub-
stance of the rectus abdominis muscle along the course of 
the terminal branch of the tenth intercostal nerve , which 
supplies sensory innervation to the periumbilical area. It 
provides efficient pain relief for umbilical or other mid-
line surgical incisions, as well as umbilical and epigastric 
hernia repair, laparoscopic surgery, and pyloromyotomy. 
Today, this regional anesthetic technique has become 
increasingly popular.

Two punctures, on each side of the abdomen, are nec-
essary. A short beveled needle inserted at 45-degree angle 
is necessary to perceive the passage of different planes. 
Long-acting local anesthetics are usually used with a 
low concentration (0.2% to 0.5%). The total volume of 
anesthetic solution injected is 0.1 to 0.5 mL/kg of body 
weight in each side. This dose of local anesthetic is widely 
decreased with ultrasound guidance.

The landmark for the fascia-click technique is the mid-
line between the outer border of rectus muscle and the 
umbilicus. Two methods have been described in pediatric 
literature with a sensation of fascial click when the needle 
pierces the anterior rectus sheath.

Performing this block under ultrasound guidance can 
avoid intraperitoneal punctures and erratic needle posi-
tion.253 In contrast to the fascial-click method, ultra-
sound guidance significantly increases correct needle 
position (88% versus 44%) and decreases the rate of 
intraperitoneal or injections that are too superficial 
(11.5% versus 34.5% and 0% versus 20.9%, respectively, 
for ultrasound-guided techniques and fascial click).254 
Both aponeuroses of the rectus muscle and the pari-
etal peritoneum are very echoic. The probe is placed 
horizontally over the umbilicus, and the block needle 
is inserted medially in long-axis orientation. The super-
ficial fascia is bent and then crossed by the tip of the 
needle, which should be moved forward until it contacts 
the deep fascia (to favor the longitudinal spread of the 
anesthetic). The anesthetic is then injected and can be 
visualized in the form of an expanding biconvex black 
shadow (Fig. 92-42).
Figure 92-42. Ultrasound of 
paraumbilical block. Insertion of 
the needle close to the posterior 
fascia of the rectus muscle and 
injection of the local anesthetic 
creating a biconvex black cloud.
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Ilioinguinal and Iliohypogastric  
Nerve Blocks
The three nerves supplying the inguinal area are the ilio-
inguinal, iliohypogastric, and genitofemoral nerves. In 
50% of patients, sensory innervation of the inguinal canal 
depends exclusively on the genital branch of the genito-
femoral nerve (also termed the external spermatic nerve 
in males). Several publications focusing only on the ilio-
inguinal and iliohypogastric nerves have appeared in the 
literature, especially with the development of ultrasound 
imaging.138,255 Not surprisingly, the quality of analgesia 
produced is often unsatisfactory because a major contrib-
utor to sensory innervation remains unchanged.

The inguinal procedure, as well as inguinal hernia 
repair, orchiopexy, hydrocele repair, or cord cyst, may 
benefit from intraoperative and postoperative pain 
management with ilioinguinal-iliohypogastric block. 
This technique, widely described in the literature, is a 
fascial-click technique. A single-injection technique can 
safely and reliably block the three relevant nerves at 
once because these nerves are located in the same fascial 
plane close to the subcutaneous inguinal ring formed 
by the aponeurosis of the external oblique muscle. The 
landmarks are the umbilicus, ipsilateral anterior supe-
rior iliac spine (ASIS), and midpoint of the inguinal liga-
ment. The ASIS-umbilicus line is divided into four equal 
parts; the puncture site is located at the union of the 
lateral fourth with the medial three fourths (Fig. 92-43). 
A short-bevel needle is essential to perceive the passage 
of the various planes. The two main risks are intravascu-
lar injection (very low) and the crossing of three muscle 
layers with penetration into the abdominal cavity or 
intraperitoneal organ. In addition, the extension of the 
territory femoral anesthesia is a complication reported 
after ilioinguinal-iliohypogastric block with an inci-
dence of up to 10%.256 The usual dose is 2.5 mg/kg of 
long-acting local anesthetic. Puncture may be bilateral if 
the surgery requires.

1

2

3

Figure 92-43. Iliohypogastric and ilioinguinal nerve blocks. 1, Umbi-
licus; 2, anterior iliac crest; 3, pubic spine.
Ultrasound guidance of this block has advantages in 
terms of quality of analgesia and dose reduction of local 
anesthetics. The probe is located on the line between the 
ASIS and umbilicus close to ASIS. Two muscles of the 
abdominal wall are visible at this level: the transverse 
muscle and internal oblique muscle. The neural target 
is located between both these muscles (Fig. 92-44). The 
needle insertion can be performed with an in-plane or 
out-of-plane technique. Willschke and associates138 
showed that the total volume of local anesthetic used in 
the ultrasound group was significantly lower than in the 
fascial-click technique (respectively, 0.19 mL/kg versus 
0.3 mL/kg of 0.25% levobupivacaine). They concluded 
that the local anesthetic optimal minimum volume for 
this ultrasound-guided block was 0.075 mL/kg of 0.25% 
levobupivacaine.257 Using the traditional fascial-click 
technique causes erratic needle location in 85% of cases 
and 45% of blockade failures.258

Transversus Abdominis Plane Block
The transversus abdominis plane (TAP) block presents a 
very interesting alternative to the ilioinguinal and iliohy-
pogastric nerve block for inguinal surgery in children.259 
It has become incredibly popular for analgesia in abdom-
inal wall surgery. One objective of this technique is to 
block the segmental nerves T9 to T12 and ilioinguinal 
and iliohypogastric nerves by spread of local anesthetic 
in the plane separating the transverse abdominal muscle 
and internal oblique muscle by a single injection.

The lumbar triangle of Petit (a space bounded by the 
iliac crest, latissimus dorsi muscle, and external oblique 
muscle) is used as a landmark, and a sensation of two 
“pops” indicates the correct needle position. The first 
pop occurs after penetration of the fascia of the external 
oblique muscle, and the second occurs after penetration 
of the internal oblique muscle. In general, the blind TAP 
block technique is described as easy to perform and hav-
ing few complications.

In children, ultrasound guidance to perform this 
block is recommended. The block is accomplished by 
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Figure 92-44. Ultrasound. Ilioinguinal and iliohypogastric block 
imaging and probe placement for in-plane needle insertion. ASIS, 
Anterior superior iliac spine; m., muscle.



positioning the probe on the midclavicular line between 
the iliac crest and the last rib, allowing a puncture in 
plane (Fig. 92-45). Ultrasound guidance provides greater 
safety when performing this block by direct visualization 
of different muscle planes, the needle and its correct posi-
tion, and distribution of local anesthetics in this plane.260 
Visualization of different muscle planes is sufficient and 
does not require identification of neural structures itself. 
The TAP block has been compared to the ultrasound-
guided block and ilioinguinal and iliohypogastric ultra-
sound-guided block for hernia surgery in children.261 
The ilioinguinal and iliohypogastric block produces bet-
ter postoperative analgesia, probably due to inefficient 
blockage of the genital branch of the genitofemoral nerve 
with the TAP block technique.

PERIPHERAL BLOCKS FOR PENILE SURGERY

Penile Block
Surgery of the prepuce and penis surgery is common in 
children. This surgery may need advanced pain control 
for 12 to 24 hours, and is usually done on an outpatient 
basis. Nerve supply to the penis depends mainly on the 
dorsal nerve of the penis, which is a terminal branch 
of the pudendal nerve. The penile block by subpubic 
approach with long-acting local anesthetic for prolonged 
analgesia is a good indication for this type of surgery. 
The usual dose is 0.1 mL/kg (maximum 5 mL) of local 
anesthetic on each side. The technique is to inject an 
appropriate volume of local anesthetic in the two com-
partments of the potential subpubic space behind the 
Scarpa fascia (Fig. 92-46). Puncture is performed perpen-
dicularly to the skin. Gentle traction is exerted on the 
penis to tension the Scarpa fascia and better feel the fas-
cial click (Fig. 92-47). This block procedure is easy and its 
learning curve is particularly short.262 Ventral injections 
of the perineal nerve can be combined with dorsal penile 
nerve block for circumcision surgery to overcome the 
failure rate of the dorsal nerve block of the penis.

Crossing of the Scarpa fascia also can be verified by 
ultrasound imaging.263,264 Ultrasound-guided penile 
nerve block improved the efficacy of the block in contrast 
to the fascia-click technique in terms of the postoperative 

Transversus m.

Internal oblique m. External oblique m.
Needle

Peritoneal cavity
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Ant

Figure 92-45. Ultrasound transversus abdominis plane block imag-
ing and probe placement for in-plane needle insertion. m., Muscle.
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pain during the first postoperative hour and the time to 
the first requirement for postoperative analgesia.265

The morbidity is extremely low (almost nil when 
a local anesthetic without epinephrine only is used), 
whereas complications have been reported after attempts 
to block the nerves by infiltration of a local anesthetic 
below the Buck fascia at the dorsal part of the penis.

The use of adrenaline and skin infection at the punc-
ture site are the main contraindications of this block. 
Serious complications are the consequence of a lesion of 
the dorsal artery in case of median puncture and the risk 
for injury to the cavernosus corpus with local anesthetic 
injection equivalent to an intravenous injection of local 
anesthetic.266

The usual indications are elective surgery such as cir-
cumcision and phimosis cure or emergency surgery such 
as reduction of a paraphimosis or release of a foreskin 
stuck in a zipper pants.

Pudendal Nerve Block
Given the random effectiveness of penile block for surgery 
of the prepuce in children, some teams advocate the use 
of pudendal block. The pudendal nerve provides sensory 
and motor innervation to the pelvic cavity and its con-
tents, including external genital organs. The landmarks 
are the two ischial tuberosities and anus (Fig. 92-48). 
The distribution of anesthesia depends on the volume of 
injectate. With 0.1 mL/kg (up to 5 mL), anesthesia is usu-
ally limited to the perineal nerve that supplies the poste-
rior part of the scrotum (this is enough to complement 
an ilioinguinal, iliohypogastric, and genitofemoral nerve 
block when a scrotal incision is required). With 0.3 to 0.4 
mL/kg on each side (up to 15 mL), all division branches of 
the pudendal nerve are blocked, thus providing complete 
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Figure 92-46. Anatomic puncture for penile block via the subpu-
bic space. 1, Buck fascia; 2, Scarpa fascia; 3, pubic bone; 4, bladder;  
5, dorsal nerve of penis; 6, subpubic space.
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Figure 92-48. Position for puden-
dal block procedure (A) and land-
marks and puncture (B).

Puncture
point

Ischial
tuberosity

A B

Figure 92-47. Penile block tech-
nique procedure. Gentle traction 
is exerted on the penis to tension 
the Scarpa fascia and better feel 
the fascial click (A). Injection of 
local anesthetic is easy without 
resistance (B).

Pubic
spine

A B
analgesia of the perineum, including blockade of the dor-
sal nerve of the penis.

Because the pudendal nerve is a mixed nerve, a nerve 
stimulator can be used to locate it more precisely if this is 
deemed useful267 (see Fig. 92-48, A). The expected motor 
response is a contraction of the external anal sphincter. It 
is recommended to start at an intensity of 1.5 to 2.0 mA. 
The position of the needle is considered adequate if the 
muscle response is obtained for an intensity of between 
0.5 and 0.8 mA (0.1 to 0.2 msec, 1 Hz).

Ultrasound guidance has been used in adults, but iden-
tification of the pudendal nerve was possible in only half 
of the procedures.268 Because this nerve is accompanied 
by a terminal artery (pudendal artery), local anesthetics 
with ephedrine must be avoided.

Naja and associates269 compared nerve-stimulated 
pudendal block and dorsal penile nerve block with the fas-
cia-click technique in 60 children undergoing surgery for 
circumcision. The authors showed a significant decrease 
in pain scores and analgesic consumption in the group 
with a pudendal block, with higher parental and surgical 
satisfaction. Perineal nerves appear to play an important 
role in the innervation of the penis, and it is the recom-
mended block for circumcision surgery. The perineal and 
dorsal nerves are terminal branches of the pudendal nerve. 
The pudendal nerve block has the ability to block the dor-
sal and perineal nerves with only one single injection.

INTERCOSTAL NERVE BLOCK

Intercostal nerves run along the lower border of each rib, 
within the intercostal space, a triangular space, with (1) 
a medial border formed by the posterior intercostal and 
innermost intercostal muscles, endothoracic fascia, and 
parietal pleura; (2) a lateral border formed by the internal 
and external intercostal muscles and intercostal mem-
brane (thickening of the inner fascia of external inter-
costal muscles); and (3) a base formed by the lower rib. 
Intercostal nerve block is obtained by injecting a local 
anesthetic within the intercostal space and, provided sev-
eral adjacent intercostal spaces are infiltrated, adequate 
intraoperative and postoperative pain relief is obtained 
for thoracotomy,270 liver transplantation, pleural drain-
age, and management of rib fractures.
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Figure 92-49. Intercostal nerve 
block. 1, Insertion of the needle 
at an 80-degree angle to the skin;  
2, caudal and dorsal redirection of 
the needle.
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This block must be avoided in the presence of impaired 
oxygenation or gas exchange, and it requires that all 
patients be kept under intensive medical observation 
because of the danger of clinically delayed pneumotho-
rax. It is not suitable for outpatient surgery.

The safest approach to the intercostal space is along 
the midaxillary line with the child lying semiprone using 
a short 22- or 20-gauge Tuohy needle (intradermal nee-
dles are not appropriate) (Fig. 92-49).

A catheter can be introduced in the intercostal space 
located at the center of the area to be anesthetized to 
allow reinjections; the catheter also can be inserted intra-
operatively under direct vision by the surgeon.271,272 
However, the safety of continuous techniques is ques-
tionable because of high systemic uptake of local anes-
thetic.273 Spread of large-volume anesthetic solution can 
reach distant intercostal spaces (even contralateral ones), 
probably via the paravertebral space, thus providing 
adequate duration of pain relief with a single injection 
in some patients. Spread to the epidural space also can 
occur. Thus, the patient should be admitted to the inten-
sive care unit for careful monitoring of respiratory func-
tion and for delayed pneumothorax.

THORACIC PARAVERTEBRAL SPACE BLOCK

Paravertebral block in children was first described 30 
years ago274 and many studies have been done on this 
block. This technique uses local anesthetic to infiltrate 
the paravertebral space by a posterior approach, and 
simultaneously to block several unilateral dermatomes 
with a single injection, in the manner of a plexus block. 
A catheter can be introduced into this space to main-
tain analgesia over an extended period. Paravertebral 
block will allow a somatic and sympathetic block (sym-
pathetic chain being located in space infiltrated). The 
dosage is 0.5 mL/kg of long-acting local anesthetic, fol-
lowed by a continuous infusion of 0.2 to 0.25 mL/kg/hr 
of the same solution.

Anatomic landmarks are the spinous processes of 
 thoracic vertebrae. The puncture site is located parallel 
to the vertebral axis at the level of the spinous process  
(Fig. 92-50). The needle must contact the transverse pro-
cess of a vertebra. The landmarks are defined in children 
as follows275:

 •  Point of puncture: 10.2 mm + (0.12 × weight in kg) 
laterally to the spinous process

 •  Depth of the space: 18.7 mm + (0.48 × weight in kg)
  

The puncture of the paravertebral space is related to 
the level of surgery and is usually for a T5-T6 for thoracot-
omy surgery and T9-T10 for subcostal surgery. The LOR 
method is used to locate the paravertebral space with the 
Tuohy needle crossing the costotransverse ligament. It is 
also possible to identify the spinal nerve with neurostim-
ulation through space at the chosen level. Ultrasound 
guidance is used to identify the transverse process, the 
costotransverse ligament, and measure the distance from 
skin to parietal pleura before performing the block.276

Indications for thoracic paravertebral block in chil-
dren are postoperative analgesia after thoracotomy277 and 
upper abdominal surgery with unilateral subcostal inci-
sion (kidney surgery, cholecystectomy, splenectomy).278 
This block has been also described for unilateral inguinal 
hernia repair in children.279 Contraindications for this 
technique are a history of ipsilateral thoracotomy with 
an increased risk for pneumothorax or parenchymal lung 
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2

Figure 92-50. Block of the thoracic paravertebral space. 1, Parietal 
pleura; 2, rib.
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puncture and the deformation of the spinal column, 
increasing the risk for pleural puncture. This block also 
must be avoided in cases of serious potential risk for com-
plications (risk for pneumothorax in patients suffering 
from respiratory diseases with poor gas exchange).

Paravertebral block requires an anesthetist with good 
technical skills. An alternative to this block is thoracic 
epidural anesthesia, which has less risk for direct spinal 
cord injury.

OTHER NERVE BLOCKS OF THE TRUNK

Interpleural (or intrapleural) blocks that consist of inject-
ing a local anesthetic within the pleural cavity without 
creating a pneumothorax elicited enthusiasm some years 
ago but was never established in pediatric anesthesia. 
Other blocks of nerves of the trunk, including paraver-
tebral ganglion, genitofemoral, paracervical (uterosacral), 
and transsacral nerve blocks, are not used in pediatric 
patients.

FACE, HEAD, AND NECK NERVE BLOCKS

NERVE BLOCK OF THE FACE

All sensory innervation of the face is under the depen-
dence of the trigeminal nerve (fifth cranial nerve, or vagus 
nerve) associated with the C2-C4 cervical nerve roots that 
constitute the superficial cervical plexus.

Anatomic Considerations
The fifth cranial nerve provides sensory and a motor 
components. The sensory component is combined in the 
trigeminal ganglion (semilunar or gasserian ganglion), 
which lies in the Meckel cave, an invagination of the dura 
mater near the apex of the petrous part of the temporal 
bone in the posterior cranial fossa. Postganglionic fibers 
exit the ganglion to form three nerves, as follows:

 1.  The ophthalmic nerve (V1), innervating the forehead, 
eyebrows, upper eyelids, and anterior area of the nose

 2.  The maxillary nerve (V2), innervating the lower eyelid, 
upper lip, lateral portion of the nose and nasal sep-
tum, cheek, roof of the mouth, bone, teeth, sinus of 
the maxilla, and soft and hard palates

 3.  The mandibular nerve (V3) innervating the anterior 
two thirds of the tongue and the skin, mucosa, teeth, 
and the bone of the mandibular.

  

These terminal sensory nerves can be blocked either 
at their emergence point from the cranium, as deep pro-
cedures (V2 and V3), or more distally when they exit the 
facial bone as superficial blocks (V1, V2, V3) (Fig. 92-51).

Superficial Trigeminal Nerve Blocks
For superficial trigeminal nerve blocks, the local anesthetic 
solution should be injected in close proximity to the three 
individual terminal superficial branches of the trigeminal 
nerve divisions: the frontal nerve (of ophthalmic nerve, V1 
division), infraorbital nerve (of maxillary nerve, V2 divi-
sion), and mental nerve (sensory terminal branch of man-
dibular nerve, V3 division). Each nerve is anatomically 
close to its respective foramen, which is usually on a line 
perpendicular through the center of the pupil.

The supraorbital foramen can be easily palpated by 
following the orbit rim 2 cm from the midline in adults 
(union of the medial third and lateral two thirds). The 
needle (intradermal needle, 25 gauge in adults to 30 
gauge in children) is introduced a half centimeter under 
the inferior edge of the eyebrow and is directed medially 
and cephalad. When the needle tip is near the supraor-
bital notch, after test aspiration and with caution to not 
penetrate the foramen, local anesthetic solution (0.5 to 1 
mL) can be injected, creating a subcutaneous wheal. For 
supratrochlear block, the landmarks are the top of the 
angle formed by the eyebrow and the nasal spine where 
the nerve is in contact with the bone. The supratroch-
lear nerve can be blocked without removal by directing 
the needle approximately 1 cm toward the midline and 
injecting an additional 0.5 mL of local anesthetic.

The terminal branch of the maxillary nerve (second 
division of the trigeminal nerve), is called the infraorbital 
nerve when it reaches the infraorbital fossa. The infra-
orbital artery and vein run parallel in close proximity to 
the nerve. Its innervation involves the skin and mucous 
membrane of the upper lip, lower eyelid, and the cheek. 
Two approaches can be used to perform this block: the 
intraoral and extraoral approaches. Regardless of the 
technique, it is necessary to prevent penetration of the 
foramen or eventual damage of the eyeball by palpating 
the foramen.

For the intraoral approach, the external landmarks 
include the foramen localized by palpation, the incisor, 
and the first premolar. The needle (25 or 27 gauge) is 
inserted at the buccal mucosa in the subsulcal groove at 
the level of the canine or the first premolar and directed 
upward and outward into the canine fossa. A finger is 
placed over the infraorbital foramen to assess the proper 
location of the needle tip and avoid damage of the pupil.

V1

V2

V3

Figure 92-51. Facial nerves distribution.
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Figure 92-53. Mental nerve 
block procedure.Mental nerve

Figure 92-52. Infraorbital nerve 
block procedure.

Infraorbital nerve
For the extraoral approach, the infraorbital foramen is 
palpated just below the orbital rim, at the intersection of 
a vertical line drawn caudally through the center of the 
pupil and a horizontal line through the alae nasae. The 
needle (25 or 27 gauge) is advanced perpendicularly with 
a cephalic and medial direction toward the foramen until 
bony resistance is met (Fig. 92-52).

The main surgical indication in children is cleft lip 
repair with good perioperative pain management and a 
decrease in opioid use.280-282

The mental nerve is the terminal branch of the alveo-
lar nerve (the largest branch of the mandibular nerve). It 
emerges at the mental foramen. The mental foramen is 
located in line with the pupil on the mental process of 
the mandible, in regard to the inferior premolar tooth. 
Puncture is 1 cm lateral to the foramen palpated. The 
25- or 27-gauge needle is directed with a lateral-to-medial 
direction to avoid foramen penetration (Fig. 92-53).

After negative aspiration, 1 to 3 mL of local anesthetic is 
injected for these different approaches. Complications are 
hematoma, persistent paresthesia of the innervated ter-
ritory, prolonged numbness, and intravascular injection.

Ultrasound guidance can be used to locate the foram-
ina for superficial trigeminal nerve blocks.126 It appears 
as an easy and safe modality. The ultrasound imaging 
of foramina is the classic disruption of the bone table  
(Fig. 92-54).

Maxillary Nerve Block
The maxillary nerve exits the skull through the foramen 
rotundum and gives its terminal branches. Except for the 
middle meningeal nerve, innervating the dura mater, all 
branches (zygomatic branches, superior alveolar nerve, 
pterygopalatine and parasympathetic branches, palatine 
and pharyngeal branches) arise in the pterygopalatine 
fossa to the face. At the upper part of the pterygopala-
tine fossa, the maxillary nerve is accessible for a complete 
maxillary block. The nerve territory blocks are the lower 
eyelid, ala of the nose, cheek, upper lip, cutaneous zygo-
matic and temporal zone on the face and superior teeth, 
palatine zone, maxillary bone.

The suprazygomatic approach to the maxillary nerve 
in pterygopalatine fossa seems to be the safest and is 
easily reproducible in children.283 The patient is supine, 
with the head in neutral position or turned slightly to the 
opposite side. The needle entry point is situated at the 
angle formed by the superior edge of the zygomatic arch 

Disruption of
bone table

Needle

Figure 92-54. Ultrasound of infraorbital nerve block and probe posi-
tion on face. Disruption of bone table indicates foramen of trigeminal 
nerve.
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below and the posterior orbital rim forward (Fig. 92-55). 
The needle (22 to 25 gauge) is inserted perpendicular 
to the skin and advanced to reach the greater wing of 
the sphenoid at a depth of approximately 10 to 15 mm. 
The needle is then reoriented in a caudal and posterior 
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Figure 92-55. Suprazygomatic maxillary nerve block landmarks.
rection and advanced 35 to 45 mm deep to the ptery-
palatine fossa (Fig. 92-56). After a negative aspiration 
st for blood, 0.15 mL/kg to a maximum of 5 mL of local 
esthetic solution is slowly injected.
Ultrasound guidance technique is possible with the 

trasound transducer located in the infrazygomatic area, 
er the maxilla, with an inclination of 45 degrees in 
th the frontal and horizontal planes (Fig. 92-57). The 
obe location allows visualization of the pterygopala-
e fossa, limited anteriorly by the maxilla and poste-
rly by the greater wing of the sphenoid. The needle is 
vanced using an out-of-plane approach. This real-time 
trasound-guided technique is easy and ensures the cor-
ct location of local anesthetic injection in the pterygo-
latine fossa (Fig. 92-58).284

andibular Nerve Block
e mandibular nerve, the largest branch of the trigemi-
l nerve, exits from the cranium through the foramen 
ale of the greater wing of the sphenoid. The anterior 

unk is formed with branches serving mainly motor 
nervation to temporalis, masseter, pterygoids, mylohy-
d, and tensor tympani and palati muscles and the buc-
l nerve. Auriculotemporal, lingual, and inferior alveolar 
rves comprise the posterior trunk.
A B C

D E

Figure 92-56. Suprazygomatic maxillary nerve block technique. The needle was inserted perpendicular to the skin (A) and advanced to reach 
the greater wing of the sphenoid at approximately 10 to 15 mm depth (B). Reorientation of needle in a caudal and posterior direction (C) and 
advancement of 35 to 45 mm deep to the pterygopalatine fossa (D and E).
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Figure 92-57. Ultrasound imag-
ing of suprazygomatic maxillary 
nerve block.

Subcutaneous space

Temporal muscle

Maxillary
bonePterygo-

palatine fossa
Sphenoid

bone
The puncture area is bounded by the zygomatic arch 
at the top and the mandibular notch just anterior to and 
below the tragus of the ear (Fig. 92-59). The needle entry 
point is located in the sigmoid fossa between the coro-
noid and condylar process of the ramus of the mandible. 
To avoid the risk for arterial puncture, it is recommended 
to prick as high as possible in the space between the 
zygomatic arch and the center of mandibular notch (see 
Fig. 92-59). After perpendicular skin penetration, toward 
the lateral pterygoid plate (to a distance of 2 to 4 cm of 
depth), the needle (22 to 25 gauge) is advanced posteri-
orly and inferiorly maintaining the same depth, guided 
by mandible ascension twitch. The minimal intensity of 
stimulation (∼0.5 mA) is determined, and 0.1 mL/kg to a 
maximum of 5 mL of local anesthetic solution is slowly 
injected after negative repeated blood test aspirations. 
This transcutaneous procedure with neurostimulation 
appears easier and has a high success rate.

Block of the Nose: Nasociliary Nerve Block 
and External Nasal Nerve Block
The innervation of the nose and nasal cavity is quite com-
plex, implicating both the ophthalmic (V1) and maxillary 
(V2) branches of the trigeminal nerve.

The nasociliary nerve is blocked before its division 
into nasal branches of the anterior ethmoidal nerve and 

Maxillary
bone

Sphenoid
bone

LA

Figure 92-58. Ultrasound imaging of suprazygomatic maxillary 
nerve block with local anesthetic (LA) injection.
the infratrochlear nerve, and near the ethmoidal fora-
men. A 25- or 27-gauge needle is inserted 1 cm above the 
medial canthus, halfway between the posterior palpebral 
fold and the eyebrow. It is then directed medially and 
backward in contact with the bony roof of the orbit. At 
a depth of 1.5 cm the needle should be at the anterior 
ethmoidal foramen, and a maximum of 2 mL of local 
anesthetic solution is then slowly injected after a nega-
tive aspiration test.

The external nasal branch of the anterior ethmoidal 
nerve can be blocked by infiltration at the junction of 
nasal bone with cartilage. Combined with infraorbital 
nerve block, the external nasal nerve block is very effec-
tive for perioperative pain control in cleft lip repair.285

Nerve Blocks of the External Ear
anaTomic conSideRaTionS. The innervation of the pinna 
of the ear is complex. Both the trigeminal nerve and the 
cervical plexus mainly provide innervation.

The auriculotemporal branch of the mandibular divi-
sion of the trigeminal nerve supplies the superior two 
thirds of the anterior surface. The auriculotemporal 
nerve passes through the parotid gland to ascend ante-
rior to the auditory canal with the superficial temporal 
artery and passing superiorly superficial to the zygo-
matic arch.

Zygomatic arch

Mandibular
bone

Sigmoid
fossa

Figure 92-59. Mandibular nerve block procedure.
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A

Lesser occipital nerve block

Great auricular nerve block

Auriculotemporal nerve
block

B C
Figure 92-60. A, Regional field block of ear. B, Ring block of ear. C, Block of the auricular branch of the vagus nerve.
The posterior surface of the ear and the lower third of 
its anterior surface depend on the great auricular nerve 
and the lesser occipital nerve, two branches of the cervi-
cal plexus.

The great auricular nerve arises from the second and 
third cervical nerve roots, emerges from the posterior bor-
der of sternocleidomastoid muscle, and ascends (dividing 
into anterior and posterior branches) to the mandibular, 
parotid gland, and pinna. It supplies the lower back of the 
auricle, the lobule, and the skin of the angle of the man-
dible (in complement to the mandibular nerve).

The lesser occipital nerve arises from the ventral pri-
mary rami of the second and third cervical roots and 
gives the innervation of the upper part of the ear lobe 
and lateral occipital zone.

The auricular branch of the vagus nerve (nerve of 
Arnold) innervates the concha, most of the posterior wall 
of the external auditory meatus (zona of Ramsay Hunt), 
and inferior portion of the tympanic membrane.

Regional aneSTheSia TechniqueS. Regional field block 
around the auricle allows anesthesia of each nerve branch 
involved in external ear sensory innervation except the 
Ramsay Hunt area (Fig. 92-60, A).

The auriculotemporal nerve can be blocked by inject-
ing local anesthetic solution above the posterior portion 
of the zygoma, anterior to the ear and behind the super-
ficial temporal artery. The needle (27 gauge) is inserted 
anterior and superior to the tragus. Caution is necessary 
because of the vicinity of the temporal artery.

The great auricular nerve and the lesser occipital nerves 
can be blocked distally over the mastoid process posterior 
to the ear. The needle is inserted behind the lower lobe of 
the ear and advanced following the curve of the posterior 
sulcus.

Infiltration with the ring-block technique also pro-
vides an additional efficient analgesia of the external ear 
(see Fig. 92-60, B).
The superficial cervical plexus block is a widely 
described proximal approach that anesthetizes two of 
its terminal branches, the lesser occipital nerve and the 
great auricular nerve (see also Chapter 57). Several pain-
ful procedures of the ear can benefit from this analge-
sic block, such as incision and drainage of an abscess or 
hematoma,286 suture of a large laceration of the ear or the 
skin surrounding the ear,287 postauricular incision as in 
tympanomastoid surgery and cochlear implants,288 oto-
plasty,289 and surgical correction of “bat” ears.280

For tympanomastoid surgery, a great auricular nerve 
block provides good analgesia with reduction of opioid 
use and a decrease in postoperative nausea and vomit-
ing288 (see also Chapter 96).

The block of the auricular branch of the vagus nerve is 
used for pain control after myringotomy and tube place-
ment, tympanoplasty, and paper patch for ruptured tym-
panic membrane.286 To perform this block, the tragus is 
everted, a 30-gauge needle is inserted into the tragus, and, 
after an aspiration test, 0.2 mL of local anesthetic solu-
tion is injected (see Fig. 92-60, C).

Nerve Block of the Head
gReaTeR occipiTal neRve block. The greater occipi-
tal nerve arises from the second cervical nerve root 
that emerges between the atlas and the axis. It ascends 
between the obliquus capitis inferior and semispinalis 
capitis before piercing the latter muscle. It then becomes 
subcutaneous by piercing the trapezius aponeurosis, 
slightly inferior to the superior nuchal line. At this point, 
the greater occipital nerve is most often located immedi-
ately medial to the occipital artery. The greater occipital 
nerve provides cutaneous innervation to a major portion 
of the posterior scalp from the level of the external occipi-
tal protuberance to the vertex.

The landmarks to perform the greater occipital nerve 
block are located at approximately two thirds of the dis-
tance on a line drawn from the center of the mastoid to 



the external occipital protuberance along the superior 
nuchal line, where it lies medial to the occipital artery. 
The pulsation of the occipital artery is easy to palpate. 
Palpation in this area may elicit a paresthesia or uncom-
fortable feeling in the distribution of the nerve. Usually a 
25- or 27-gauge needle can be used depending on the size 
of the patient. The needle is directed at a 90-degree angle 
toward the occiput and, after aspiration, 1 to 3 mL of local 
anesthetic is injected. When the needle is withdrawn, 
pressure should be maintained over the site of injection 
to promote the nerve impregnation and to achieve hemo-
stasis. Numbness over the top of the head, after the injec-
tion, is a sign of a successful greater occipital nerve block.

An ultrasound-guided technique of greater occipital 
nerve block has been described recently with good visual-
ization of the nerve.290

Scalp blockS. The scalp block is classically described with 
potential blockade of seven nerves, including branches 
from cervical spinal rami and from trigeminal division.

The greater occipital, lesser occipital, and great auricu-
lar nerves originate from ventral and dorsal rami of C2 
and C3 spinal nerves. The greater occipital nerve travels 
up to the vertex, and the lesser occipital nerve innervates 
skin behind the ear.

The ophthalmic division of trigeminal nerve gives 
off, by the frontal nerve, supraorbital and supratrochlear 
nerves that innervate the skin from the forehead to the 
lambdoidal suture.

The zygomaticotemporal nerve is one of the two 
branches of the zygomatic nerve that arises from the 
maxillary division of the trigeminal nerve. It innervates a 
small area of the forehead and temporal area.

The auriculotemporal nerve arises from the mandibu-
lar division of the trigeminal nerve. It innervates the pos-
terior portion of the skin of the temple.

Scalp block is used in adults and children for a vari-
ety of head and neck procedures and in neurosurgery or 
chronic pain diagnostic and therapeutic management 
(many headache disorders of muscular and nervous etiol-
ogy). Common reasons for providing anesthesia to the 
scalp are repair of a laceration, foreign body removal, 
exploration of scalp wounds, and drainage of abscesses or 
subdural hematomas.

Most of the time, infiltrative anesthesia is used to per-
form scalp blocks. All the nerves involved in the scalp’s 
sensitivity become superficial and accessible to the anes-
thetic. To block the entire scalp, a circumferential infil-
tration of local anesthetic solution (with 1:200,000 
epinephrine), above an imaginary line drawn from the 
occipital protuberance to the eyebrows, passing along the 
upper border of the ear, is necessary. Approximately 30 
mL is required to perform this ring block around the scalp.

The most common complications associated with 
scalp anesthesia are hematoma formation at the site of 
injection and the risk for intravascular injection.

Nerve Block of the Neck
ceRvical plexuS block. Cervical plexus blocks have few 
but specific indications in pediatric surgery—cervical 
lymph node biopsy, excision of thyroid nodules,291,292 
and surgery of vocal cords.293 Only the superficial 
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branches are blocked by a subcutaneous infiltration along 
the lateral border of the sternocleidomastoid muscle.

laRyngeal neRve block. Laryngeal nerve blocks can be 
used for short-duration laryngoscopic examinations in 
conscious patients or to facilitate awake intubation when 
difficult intubation is suspected. It also can be used to 
prevent or treat laryngospasm.294 Several techniques have 
been described, but the easiest consists of subcutaneous 
injection of a local anesthetic just lateral to the dorsal 
ending of the hyoid horns (on each side) (Fig. 92-61). A 
27-gauge intradermal needle is inserted close to the hyoid 
horn ending until contact is made with cartilage. The nee-
dle is then slightly withdrawn and 0.1 to 0.2 mL/kg (up 
to a maximum of 8 mL) of 1% lidocaine is injected subcu-
taneously. Excellent laryngeal block is usually obtained.

ceRvicoThoRacic (STellaTe) ganglion block. Stellate 
ganglion block is a rather dangerous procedure with very 
few but very specific indications in children: (1) ventricu-
lar tachyarrhythmia resulting from congenital long-QT 
syndrome295,296 (a left stellate block is recommended) and 
(2) severe ipsilateral circulatory disorders of the upper 
extremity. Patients with certain acute pain syndromes 
such as herpes zoster ophthalmicus76 or rare chronic pain 
syndromes such as sympathetically maintained pain syn-
drome297,298 may benefit from the technique.

OTHER PROCEDURES

INTRAVENOUS REGIONAL ANESTHESIA

Intravenous regional anesthesia (Bier block) has never 
been very popular in pediatric anesthesia. Currently, the 

Figure 92-61. Laryngeal nerve block.
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technique is outdated, even though it is still used in some 
institutions mainly for fracture repairs (often in emer-
gency departments).299-301 The technique is the same as 
in adults. The limb is exsanguinated by an Esmarch ban-
dage or simple gravitation. A tourniquet is placed around 
the proximal part of the arm and inflated at two to three 
times the systolic pressure before the Esmarch bandage 
is removed and 1 mL/kg of 0.5% lidocaine (not exceed-
ing 3 mg/kg) is injected. Prilocaine can be used instead in 
adolescents. Children tolerate the pain produced by the 
inflated tourniquet very poorly, and this technique was 
responsible for several deaths in the past.

Intradermal Wheals
Intradermal wheals are routinely used in adult patients 
to anesthetize the skin covering deeper structures to be 
approached. The technique is used less often in children, 
except for anesthetizing the puncture site of a regional 
block procedure in nonanesthetized children. It consists 
of inserting a 25-, 27-, or 30-gauge interdermal needle 
almost tangentially to the skin, with the bevel facing 
downward, without penetrating the subcutaneous layers. 
A small amount (<0.5 mL) of local anesthetic (0.5% to 
1% lidocaine or prilocaine, with or without epinephrine) 
is then injected. The skin covering the wheal looks like 
an orange peel and almost immediate anesthesia of the 
relevant area is obtained. The only drawback of this tech-
nique is that the injection is moderately painful.

Wound Infiltration
In adults, some studies have shown benefits of continu-
ous wound catheters.302,303 Today, publications on con-
tinuous wound catheters in children are limited. Ouaki 
and co-workers304 evaluated continuous infusion of 
ropivacaine through an iliac crest catheter for bone graft 
postoperative pain relief in children undergoing a maxil-
lary alveolar graft. The catheters were placed close to the 
iliac periosteal bone at the donor site and infused with 
0.125 mL/kg/hr of 0.2% ropivacaine for 48 hours with a 
disposable elastomeric pump. The findings of Ouaki and  
co-workers showed optimal pain relief with a low pain 
score and a decrease of chronic pain symptoms after 3 
months in contrast to reports in the literature.

In their study, Dashow and associates305 placed a bupi-
vacaine-soaked absorbable sponge in addition to periin-
cisional bupivacaine infiltration at the anterior iliac crest 
donor site for the management of postoperative pain in 
children. Their results showed that this regional anesthe-
sia method significantly reduced the postoperative pain 
score, pain medication requirement, and length of hos-
pital stay.

Precautions must be taken to avoid bacterial contami-
nation and overdosage, especially in cases with extensive 
wounds or reinjections.
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Pediatric Anesthesia
CHARLES J. COTÉ

K e y  P o i n t s

 •  During the first few weeks of life, neonates are vulnerable to a phenomenon, 
the flip-flop circulation; that is, going from an adult type of circulation to a fetal 
type. Factors such as hypoxia, hypercapnia, acidosis, infection, hypothermia, 
and prematurity increase the potential for sudden increases in pulmonary artery 
pressure and subsequent shunting of blood past the lungs through a patent 
foramen ovale or the ductus arteriosus, which may reopen, particularly during the 
first 10 days of life.

 •  The reduced cellular mass of the neonatal heart devoted to contractility results 
in less compliant ventricles. This leads to a sensitivity to excessive intravascular 
volume, poor tolerance of afterload (i.e., the development of biventricular failure), 
and rate-dependent cardiac output. In addition, the reduced cardiac calcium 
stores produce increased susceptibility to myocardial depression by potent 
anesthetics and also make neonates dependent on exogenous (i.e., blood-
ionized) calcium values and vulnerable to the negative inotropic effects of ionized 
hypocalcemia, particularly that caused by infusion of citrated blood products such 
as fresh frozen plasma.

 •  The neonatal airway differs from the adult airway in four ways: the larynx is located 
higher in the neck, the glottis is shaped differently and angled over the laryngeal 
inlet, the vocal cords are angled, and the narrowest portion is the subglottic region 
at the level of the cricoid cartilage. Accordingly, straight blades are more useful 
than curved blades in neonates, and uncuffed endotracheal tubes are commonly 
used.

 •  Glomerular filtration and tubular function are immature but rapidly develop during 
the newborn period; adult levels are achieved at approximately the age of 2 years. 
The frequency with which medications excreted by the kidneys (e.g., antibiotics) 
can be administered during the first month of life rapidly changes. Particular 
attention is required in this period to avoid drug-induced toxicity (e.g., ototoxicity) 
caused by excessive plasma levels of antibiotics.

 •  Hepatic metabolic capacity is immature at birth. Some cytochrome P450 enzymes 
(phase I reactions) are fully developed, whereas others are approximately 50% 
of adult values. Phase II reactions, that is, reactions that make a drug more water 
soluble, are usually impaired in neonates. Some of these reactions do not achieve 
maturity until the age of 1 year. This hepatic immaturity can have important 
clinical implications regarding a neonate’s ability to excrete some medications, 
such as benzodiazepines, morphine, and caffeine.

 •  Cardiac dysfunction from anesthetic overdose is a particular danger for neonates 
and infants because of a combination of factors, including immaturity of the 
myocardium, decreased calcium stores of the neonatal myocardium, and the 
“systems issue” of the vaporizers for halothane and sevoflurane having different 
maximum minimum alveolar concentration (MAC) delivery capability; that is, 
nearly 6 MAC multiples of halothane may be delivered to a newborn, whereas only 
∼2.5 MAC multiples of sevoflurane can be delivered. Thus anesthetic drug–induced 
cardiac arrest is a function of both vaporizer design and the vulnerability of the 
neonatal myocardium to anesthetic-induced cardiac depression, especially on 
changing from spontaneous to controlled respirations.
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K e y  P o i n t s — c o n t ’ d

 •  Remifentanil is a unique potent opioid in neonates. Unlike other medication used 
in newborns, remifentanil’s context sensitive half-life is similar to older children 
and adults. Therefore remifentanil can rapidly induce or terminate an intense 
opioid effect even in neonates. However, opioid-induced bradycardia and chest 
wall rigidity can occur.

 •  Former preterm infants younger than 60 weeks of age and/or who are anemic are 
at risk for postoperative apnea (i.e., hemoglobin <10 gm/dL). Both gestational 
age and postconceptual age at the time of surgery are independent risk factors. 
The use of regional anesthesia in these children may reduce the incidence of 
postanesthesia apnea. Postoperative apnea can occur from all inhaled anesthetics, 
including desflurane and sevoflurane.

 •  Preoperative laboratory testing (also see Chapter 38) is usually minimal for most 
children. Routine hemoglobin measurements should be determined in infants 
younger than 6 months of age to assess the severity of the physiologic hemoglobin 
nadir (especially former preterm infants with a potential risk for apnea) and 
in older children expected to experience significant blood loss. Preoperative 
chest radiographs are not generally indicated. Children who have undergone 
chemotherapy with anthracycline chemotherapy have congenital heart disease, 
and neonates at risk for associated cardiac anomalies may require a preoperative 
echocardiogram. Children undergoing chemotherapy should usually have a 
complete recent hematology profile, including platelet counts. Children with a 
history of seizures should have a preoperative assessment including a confirmation 
that therapeutic blood levels of antiseizure medications exist.

 •  Temperature regulation (also see Chapter 54) is especially important for neonates 
and infants. Because of the large body surface-to-weight ratio, they are vulnerable 
to intraoperative hypothermia. Efforts to maintain a warm surgical unit, to 
use warming devices such as hot air mattresses, to apply warm surgical skin 
preparation solutions, and to transport the neonate or infant in an appropriate 
transport device, as well as keeping the infant covered during transport, all help 
prevent dangerous hypothermia.

 •  Intraoperative fluid therapy has changed from the classic 4-2-1 rule of Holliday and 
Segar to the perioperative administration of 20 to 40 mL/kg of an isotonic solution 
(lactated Ringer solution). In the postoperative period, the new 2-1-0.5 rule applies 
(2 mL/kg for the first 10 kg, 1 mL/kg for 10 to 20 kg, and 0.5 mL/kg for each kg 
above 20 kg in weight). This therapy now recognizes the common dysregulation 
of antidiuretic hormone secretion after surgery and prevents hyponatremia. If the 
child has not been able to convert to oral intake after 12 hours, then D5 0.45% 
saline should be given using the 4-2-1 rule.
The physiologic, pharmacologic, and psychologic differ-
ences between children and adults must be understood. 
Special consideration must be given to preterm infants and 
those with congenital malformations. Anesthetic-induced 
neurotoxicity is a concern, but it is not as important as 
the fundamental issues of maintaining oxygenation, per-
fusion, and adequate analgesia/anesthesia. This chapter 
describes how the unique characteristics of children influ-
ence the safe conduct of anesthetic procedures.

DEVELOPMENTAL CONSIDERATIONS

Organogenesis takes place within 8 weeks of conception; 
organ function develops during the second trimester; and 
the infant gains weight, primarily muscle and fat, dur-
ing the third trimester. Any physiologic or pharmacologic 
injury or stress during the first trimester may cause 
abnormal organogenesis; during the second trimester, 
functional development of organs may be abnormal; 
and during the third trimester, organs may be smaller or 
muscle and fat mass may be reduced. Injuries and stress 
take the form of congenital viral infections, exposure to 
drugs (therapeutic or recreational), nutritional insuffi-
ciency (caloric or vascular), or maternal illness. A genetic 
predisposition to developmental malformations can also 
produce adverse effects. Such interruptions in normal 
growth and development may cause a variety of physi-
ologic abnormalities ranging from simple preterm birth 
to a constellation of congenital malformations.

A preterm infant is one born before 37 weeks’ gesta-
tion; a postmature infant is one born after 42 weeks’ 
gestation. Any infant born weighing less than 2500 g is 
considered a low–birth-weight infant. Plotting weight 



against gestational age allows classification into three gen-
eral categories: small for gestational age, appropriate for 
gestational age, or large for gestational age (Figure 93-1). 
Infants who are small or large for gestational age often 
have developmental problems or difficulties associated 
with maternal disease (Table 93-1). Careful physical and 
neurologic examination at birth allows a fairly accurate 
estimate of gestational age. The anesthesiologist should be 
aware of this type of evaluation to ensure that potential 
problems can be anticipated. Obtaining a perinatal history 
of problems during pregnancy (e.g., maternal drug abuse, 
maternal infection, eclampsia, diabetes) or during and 
after delivery (e.g., fetal distress, meconium aspiration, 
prematurity, postdelivery intubation) is also valuable for 
assessing possible anesthetic implications that may require 
specific considerations during and after anesthetic man-
agement. In the weeks after birth, measurements of weight, 
height, and head circumference are plotted on standard 
developmental curves; deviations from normal (i.e., cross-
ing developmental lines) usually indicate a severe physi-
ologic insult. The anesthesiologist should examine the 
growth chart to evaluate how the child is developing.

THE CARDIOVASCULAR SYSTEM

The cardiovascular system undergoes dramatic physi-
ologic and maturational changes during the first year 
of life. In utero, most of the cardiac output is directed 
from the placenta across the foramen ovale into the 
ascending aorta (oxygenated blood), whereas superior 
vena cava blood (deoxygenated) is directed to both the 
pulmonary artery and the ductus arteriosus. This pat-
tern of circulation results in minimal intrauterine pul-
monary blood flow. At birth, a number of events change 
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Figure 93-1. Plotting birth weight against gestational age for neo-
nates determines whether infants are small, appropriate, or large for 
gestational age. Babies who are either small or large for gestational 
age are particularly likely to have a variety of problems such as meta-
bolic, developmental, infectious, or structural abnormalities, as well as 
drug addiction and withdrawal. (Modified from Battaglia FC: Intrauter-
ine growth retardation, Am J Obstet Gynecol 106:1103-1114, 1970. 
Used with permission.)
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hemodynamic interactions such that the fetal circula-
tion becomes an adult type of circulation. Specifically, 
the placenta is removed from the circulation; portal 
blood pressure falls, which causes the ductus venosus 
to close; and blood becomes oxygenated through the 

TABLE 93-1 COMMON NEONATAL PROBLEMS 
ASSOCIATED WITH WEIGHT AND GESTATIONAL 
AGE 

Gestation
Relative 
Weight

Neonatal Problems at 
Increased Incidence

Preterm (<37 
weeks)

SGA Respiratory distress syndrome
Apnea
Perinatal depression
Hypoglycemia
Polycythemia
Hypocalcemia
Hypomagnesemia
Hyperbilirubinemia
Viral infection
Thrombocytopenia
Congenital anomalies
Maternal drug addiction
Fetal alcohol syndrome

AGA Respiratory distress syndrome
Apnea
Hypoglycemia
Hypocalcemia
Hypomagnesemia
Hyperbilirubinemia

LGA Respiratory distress syndrome
Hypoglycemia; infant of 

diabetic mother
Apnea
Hypoglycemia
Hypocalcemia
Hyperbilirubinemia

Normal (37-42 
weeks)

SGA Congenital anomalies
Viral infection
Thrombocytopenia
Fetal alcohol syndrome
Perinatal depression
Hypoglycemia

AGA —
LGA Birth trauma

Hyperbilirubinemia
Hypoglycemia; infant of 

diabetic mother
Postmature 

(>42 weeks)
SGA Meconium aspiration syndrome

Congenital anomalies
Viral infection
Thrombocytopenia
Maternal drug addiction
Perinatal depression
Aspiration pneumonia
Hypoglycemia

AGA —
LGA Birth trauma

Hyperbilirubinemia
Hypoglycemia; infant of 

diabetic mother

AGA, Appropriate for gestational age; LGA, large for gestational age; SGA, 
small for gestational age.

From Coté CJ, Lerman J, Anderson BJ, editors: A practice of anesthesia for 
infants and children, ed 5, Philadelphia, 2013, Saunders.
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lungs. Exposure of the ductus arteriosus to oxygenated
blood induces ductal closure. As a result of the com
bined effects of lung expansion, exposure of blood to
oxygen, and loss of low resistance through placenta
blood flow, pulmonary vascular resistance decreases
while peripheral vascular resistance rapidly rises. The
decrease in pulmonary vascular resistance occurs on
the first day of life and continues to decrease gradu
ally during the next several years as the architecture
of the pulmonary vessels changes. An increase in pres
sure on the left side of the heart (caused by the increase
in peripheral vascular resistance) induces mechanica
closure of the foramen ovale. Thus all three connec
tions between the right and left sides of the circulation
close. Although closure of the ductus arteriosus proba
bly occurs primarily from an increase in arterial oxygen
concentration, successful completion requires arteria
muscular tissue; that such tissue is less prevalent in pre
term infants may partly account for the frequent inci
dence of patent ductus arteriosus in preterm infants
True mechanical closure by fibrosis does not occur unti
2 to 3 weeks of age.

During this critical period, the infant readily reverts
from the adult type of circulation to a fetal type of cir
culation; this state is called transitional circulation. Many
factors (e.g., hypoxia, hypercapnia, anesthesia-induced
changes in peripheral or pulmonary vascular tone) can
affect this precarious balance and result in a sudden return
to the fetal circulation. When such a flip-flop occurs, pul
monary artery pressure increases to systemic levels, blood
is shunted past the lungs via the patent foramen ovale
and the ductus arteriosus may reopen and allow blood
to shunt at the ductal level. A rapid downhill spiral may
occur and lead to severe hypoxemia, which explains why
hypoxemic events may be prolonged, despite adequate
pulmonary ventilation with 100% oxygen. In most cases
simple hyperventilation will cause the increased pulmo
nary artery pressure to return to normal in response to
a decreased arterial partial pressure of carbon dioxide
(Paco2).

Risk factors increasing the likelihood of prolonged
transitional circulation include prematurity, infection
acidosis, pulmonary disease resulting in hypercapnia or
hypoxemia (aspiration of meconium), acidosis, hypother
mia, and congenital heart disease. Care must be directed
to keeping the infant warm, normal arterial oxygen and
carbon dioxide tensions, and minimal anesthetic-induced
myocardial depression.

The myocardial structure of the heart, particularly
the volume of cellular mass devoted to contractility, is
significantly less developed in neonates than in adults
These differences, as well as developmental changes in
contractile proteins, produce a leftward displacemen
of the cardiac function curve and less compliant ven
tricles. This developmental immaturity of myocardia
structures accounts for the tendency toward biventricu
lar failure, sensitivity to volume loading, poor tolerance
of increased afterload, and heart rate–dependent cardiac
output.1,2 Another issue is that cardiac calcium stores
are reduced because of the immaturity of the sarcoplas
mic reticulum; consequently, neonates have a greater
dependence on exogenous (blood-ionized) calcium and
probably increased susceptibility to myocardial depres-
sion by volatile anesthetics that have calcium channel–
blocking activity.

THE PULMONARY SYSTEM

The pulmonary system is not capable of sustaining life 
until both the pulmonary airways and the vascular sys-
tem have sufficiently matured to allow the exchange of 
oxygen from air to the bloodstream across the pulmo-
nary alveolar-vascular bed. Independent life is not gen-
erally possible until a gestational age of 24 to 26 weeks, 
although survival of infants of 22 to 24 weeks’ gestational 
age is possible but with a high percentage of neurocog-
nitive impairment.3 Alveoli increase in number and size 
until the child is approximately 8 years old. Further 
growth is exhibited as an increase in size of the alveoli 
and airways. At term, complete development of surface-
active proteins helps maintain patency of the airways. If 
a child is prematurely born and these proteins are insuf-
ficient, then respiratory failure (e.g., respiratory distress 
syndrome) may follow.

Respiration is less efficient in infants. The small diam-
eter of the airways increases resistance to airflow; resis-
tance is inversely proportional to the radius raised to the 
fourth power for laminar flow and to the fifth power for 
turbulent flow. The airway of infants is highly compli-
ant and poorly supported by the surrounding structures. 
The chest wall is also highly compliant, therefore the ribs 
provide little support for the lungs; that is, negative intra-
thoracic pressure is poorly maintained. Thus functional 
airway closure accompanies each breath. Dead space ven-
tilation is proportionally similar to that in adults; how-
ever, oxygen consumption is two to three times higher. In 
preterm infants, the work of breathing is approximately 
three times that in adults, and this work can be signifi-
cantly increased by cold stress (i.e., increased metabolic 
demand for oxygen) or any degree of airway obstruction. 
Another important factor is the composition of the dia-
phragmatic and intercostal muscles. These muscles do 
not achieve the adult configuration of type I muscle fibers 
until the child is approximately 2 years old (Figure 93-2).4 
Because type I muscle fibers provide the ability to perform 
repeated exercise, any factor that increases the work of 
breathing contributes to early fatigue of the respiratory 
muscles of infants; this partially explains why the infant’s 
respiratory rate and hemoglobin desaturation is so rapid, 
and their propensity to develop fatigue and apnea with 
airway obstruction.

Differences in airway anatomy explain the more likely 
potential for technical airway difficulties in infants than 
in teenagers or adults. Typically, the airway of infants 
differs from adults in five ways5: (1) The relatively large 
size of the infant’s tongue, in relation to the oropharynx, 
increases the likelihood of airway obstruction and techni-
cal difficulties during laryngoscopy. (However, magnetic 
resonance imaging [MRI] studies have called this into 
question).6 (2) The larynx is located higher (more cephalic) 
in the neck, thus making straight blades more useful than 
curved blades. (3) The epiglottis is shaped differently, 
being short, stubby, omega shaped, and angled over the 
laryngeal inlet. Control with the laryngoscope blade is 



therefore more difficult. (4) The vocal cords are angled; 
consequently, a blindly passed tracheal tube may easily 
lodge in the anterior commissure rather than slide into 
the trachea. (5) Finally, the infant larynx is funnel shaped, 
the narrowest portion occurring at the cricoid cartilage 
(Figure 93-3). Classic teaching has been that the adult lar-
ynx is cylindrical and the infant larynx is funnel shaped. 
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Figure 93-2. The composition of the diaphragm and intercostal 
muscles significantly changes during the first 2 years of life. The num-
ber of type I muscle fibers is inversely related to age and may account, 
in part, for the ease of inducing respiratory fatigue as the work of 
breathing increases. (Data from Keens TG, Bryan AC, Levison H, et al: 
Developmental pattern of muscle fiber types in human ventilatory mus-
cles, J Appl Physiol 44:909-913, 1978.)
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Figure 93-3. The narrowest part of the adult larynx and the pediatric 
larynx is at the level of the cricoid cartilage. Traditionally, the adult lar-
ynx was thought to be cylindrically shaped, but autopsy data suggest 
that the narrowing in adults (A) is not as pronounced as it is in infants 
(B). The narrowest part of the infant larynx occurs at the level of the 
cricoid cartilage; the normal adult configuration of the larynx is not 
achieved until the teenage years. This anatomic difference is one of 
the reasons uncuffed tracheal tubes have been traditionally preferred 
for children younger than 6 years of age. A, Anterior; P, posterior. 
(From Coté CJ, Lerman J, Anderson BJ, editors: A practice of anesthesia 
for infants and children, ed 5, Philadelphia, 2013, Saunders.)
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However, it is now known that the narrowest portion in 
approximately 70% of adults is also in the subglottic region 
at the level of the cricoid cartilage. The opening is so large 
in adults that commonly used tracheal tubes are usually 
easy to advance past the glottic opening.7 In infants or 
young children, a tracheal tube that easily passes the vocal 
cords may be tight in the subglottic region because of the 
relatively greater proportional narrowing at the level of 
the cricoid cartilage. Thus uncuffed tracheal tubes were 
in the past preferred for children younger than 6 years 
of age. However, the development of better tracheal tube 
design and several prospective studies have combined to 
allow the more common use of cuffed tracheal tubes, even 
in infants.8,9 Nonetheless, a leak should be maintained 
around the cuff (with or without inflation) because injury 
to the tracheal mucosa is still possible. The Microcuff tube 
may improve the safety of cuffed tracheal tubes10; the new 
material is very soft, the shape of the cuff is more uniform 
(allowing a more uniform distribution of lateral sealing 
pressure), and the cuff, itself, is located more distally and 
thus perhaps beyond the cricoid cartilage (Figure 93-4).11 
These more expensive tracheal tubes are usually reserved 
for children with anticipated prolonged tracheal intuba-
tion (reduced ventilator-associated pneumonia),12 and the 
lower-cost tracheal tubes are still used for short-term intra-
operative tracheal intubation.

Figure 93-4. The Microcuff tracheal tube (Microcuff; PET; I-MPEDC, 
Microcuff GmbH, Weinheim, Germany, Kimberly-Clark USA) (right) 
has a soft polyurethane cuff that symmetrically inflates and is located 
more distally than standard tracheal tubes (left). This configuration 
results in more even pressure applied to the mucosa of the trachea, 
less potential for edema formation in the subglottic region because 
the cuff is located below the cricoid cartilage, and a reduced risk for 
ventilator-associated pneumonia.
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Although infants are obligate nasal breathers, approxi-
mately 8% of preterm neonates (31 to 32 weeks’ postcon-
ceptual age [PCA]) and 40% of term infants can convert to 
oral breathing if the nasal airway is obstructed. Almost all 
infants can easily convert to oral breathing by 5 months 
of age; most convert to oral breathing if the obstruction 
lasts longer than 15 seconds.

THE KIDNEYS

Renal function is diminished in neonates and even more 
in preterm infants because of small perfusion pressures and 
immature glomerular and tubular function (Figure 93-5). 
Nearly complete maturation of glomerular filtration and 
tubular function occurs by approximately 20 weeks after 
birth, although delayed in preterm infants. Complete 
maturation of renal function occurs at approximately 2 
years of age. Thus the ability to excrete free water and sol-
ute loads may be impaired in neonates, and the half-life of 
medications excreted by means of glomerular filtration will 
be prolonged (e.g., antibiotics, hence the longer intervals 
between doses in neonates).

THE LIVER

At term, the functional maturity of the liver is incom-
plete. Most enzyme systems for drug metabolism are 
developed but not yet induced (stimulated) by the mate-
rial that they metabolize. As the infant grows, the abil-
ity to metabolize medications rapidly increases for two 
reasons: (1) hepatic blood flow increases and more drug 
is delivered to the liver, and (2) the enzyme systems 
develop and are induced.13 The cytochrome P450 system 
is responsible for phase I drug metabolism of lipophilic 
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Figure 93-5. Glomerular filtration is significantly impaired at birth 
but develops rapidly during the first year of life. The ability of the 
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ticularly during the first 4 weeks of life. Maturation of renal function 
may be delayed in sick and preterm neonates. (Data from McCrory 
WW: Developmental nephrology, Cambridge, Mass, 1972, Harvard 
University Press.)
compounds. This system reaches approximately 50% of
adult values at birth, thus the capacity for drug metabo-
lism (e.g., caffeine) is reduced. However, this is not true
for all lipophilic medications, and the ability of neo-
nates to metabolize some drugs is dependent on spe-
cific individual drug cytochromes. CYP3A (cytochrome
P450, family 3, subfamily A) is generally present at adult
values at birth,14 whereas other cytochromes are absent
or reduced.15 Phase II reactions involve conjugation,
which makes the drug more water soluble to facilitate
renal excretion.16 These reactions are often impaired
in neonates and result in jaundice (decreased bilirubin
breakdown) and long drug (and their active metabo-
lites) half-lives (e.g., the half-life of morphine and ben-
zodiazepines is several days). Some of these reactions
do not achieve adult activity until after 1 year of age.
Thus quantitative measurements of some medications is
important.17,18

A preterm infant’s liver has minimal glycogen stores
and is unable to manage large protein loads. This
accounts for the neonate’s tendency toward hypogly-
cemia and acidemia and for the failure to gain weight
when the diet contains too much protein. Additionally,
plasma levels of albumin and other proteins necessary
for the binding of drugs are lower in full-term newborns
(and are even lower in preterm infants) than in older
infants (Figure 93-6). This condition has clinical impli-
cations regarding neonatal coagulopathy (e.g., need for
vitamin K at birth), as well as for drug binding and its
pharmacodynamic effects; the lower the albumin value,
the less protein binding of some drugs with resultant
greater levels of unbound drug (i.e., unbound drug is
the portion available to cross biologic membranes). In
addition, the binding of some drugs to albumin may
be altered in the presence of hyperbilirubinemia in the
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A practice of anesthesia for infants and children, ed 5, Philadelphia,
2013, Saunders.)



neonatal period; this effect is more important for drugs 
with high protein binding because a greater fraction of 
unbound drug will occur.

THE GASTROINTESTINAL SYSTEM

At birth, gastric pH is alkalotic; by the second day of life, 
pH is in the normal physiologic range for older children. 
The ability to coordinate swallowing with respiration 
does not fully mature until infants are 4 to 5 months of 
age, thus resulting in a high incidence of gastroesopha-
geal reflux, particularly in preterm newborns. If a devel-
opmental problem occurs within the gastrointestinal 
system, then symptoms will occur within 24 to 36 hours 
of life. Upper intestinal abnormalities are exhibited as 
vomiting and regurgitation, whereas lower intestinal 
abnormalities produce abdominal distention and a failure 
to pass meconium.

THERMOREGULATION (Also See  
Chapter 54)

Infants are especially vulnerable to hypothermia because 
of the large ratio of body surface area to weight, the thin-
ness of the skin, and a limited ability to cope with cold 
stress. Cold stress causes increased oxygen consumption 
and a metabolic acidosis, particularly in preterm infants 
because of even thinner skin and limited fat stores. The 
infant compensates by shivering and nonshivering (cel-
lular) thermogenesis (metabolism of brown fat); however, 
the minimal ability to shiver during the first 3 months of 
life makes cellular thermogenesis the principal method of 
heat production. Addressing all aspects of possible peri-
operative heat loss is vital. Placing the baby on a warming 
mattress and warming the surgical unit (80° F or warmer) 
will reduce heat lost by conduction. Keeping the infant 
in an incubator and covered with blankets minimizes 
heat lost through convection. The head should also be 
covered. Heat lost from radiation is decreased with the 
use of a double-shelled isolette during transport. Heat 
lost through evaporation is lessened by humidification of 
inspired gases, the use of plastic wrap to decrease water 
loss through the skin, and warming of skin disinfectant 
solutions. Hot air blankets are the most effective means 
of warming children; however, especially in neonates, 
overheating must be avoided. Anesthetics alter many 
thermoregulatory mechanisms, particularly nonshivering 
thermogenesis in neonates.

PHARMACOLOGIC AND 
PHARMACODYNAMIC RESPONSES

DEVELOPMENTAL PHARMACOLOGY

The response of infants and children (particularly neo-
nates) to medications is modified by many factors: body 
composition, protein binding, body temperature, distri-
bution of cardiac output, functional organ (heart, liver, 
kidneys) maturity, maturation of the blood-brain barrier, 
the relative size of the liver and kidneys, and the pres-
ence or absence of elevated intraabdominal pressure 
Chapter 93: Pediatric Anesthesia 2763

(gastroschisis or omphalocele closure) or congenital 
malformations.13

The body compartments (e.g., fat, muscle, water) 
change with age (Figure 93-7). Total body water content 
is significantly higher in preterm infants than in term 
infants and in term infants than in 2 year olds. Fat and 
muscle content increases with age. These alterations in 
body composition have several clinical implications 
for neonates: (1) a drug that is water soluble has a large 
volume of distribution and usually requires a large ini-
tial dose (mg/kg) to achieve the desired blood level (e.g., 
most antibiotics, succinylcholine); (2) because the neo-
nate has less fat, a drug that depends on the redistribu-
tion into fat for the termination of its action will have a 
long clinical effect; and (3) a drug that redistributes into 
muscle may have a long clinical effect (e.g., fentanyl, for 
which, however, saturation of muscle tissue has not been 
demonstrated).

In addition to these very basic concepts, other impor-
tant factors play a role in the neonate’s response to 
medications and include the following: (1) delayed excre-
tion secondary to the larger volume of distribution, (2) 
immature hepatic and renal function, and (3) altered 
drug excretion caused by lower protein binding. Further 
perturbations in drug pharmacodynamic and pharmaco-
kinetic effects occur with extreme prematurity and with 
factors such as sepsis, congestive heart failure, increased 
intraabdominal pressure, controlled ventilation, need 
for vasoactive infusions, and poor nutritional state.13 
All of these factors lead to clinically important neonatal 
patient-to-patient pharmacokinetic and pharmacody-
namic variabilities.

Older children tend to have mature renal and hepatic 
function, with normal adult values for protein, fat, 
and muscle content. A larger fraction of cardiac output 
is diverted to the liver and kidneys—which also weigh 
more in relation to body mass—in older children than 
in infants. These factors usually mean that the half-life 
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Figure 93-7. Body composition rapidly changes in preterm and term 
infants during the first 12 months of life. Their high water content 
provides a large volume of distribution for water-soluble medications, 
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1971. From Coté CJ, Lerman J, Anderson BJ, editors: A practice of anes-
thesia for infants and children, ed 5, Philadelphia, 2013, Saunders.)
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of most medications in children older than 2 years of 
age is shorter than in adults or is equivalent. As the child 
approaches adulthood, the half-life of many drugs length-
ens. In general, most medications will have a prolonged 
elimination half-life in preterm and term infants, a short-
ened half-life in children older than 2 years of age up to 
the early teenage years, and a lengthening of half-life in 
those approaching adulthood.

INHALED ANESTHETICS

The expired minimum alveolar concentration (MAC) of 
an inhaled anesthetic required in children changes with 
age (Figure 93-8). Anesthetic requirement is smaller for 
preterm than for term neonates and smaller for term neo-
nates than for 3 month olds. Infants have a higher MAC 
than that of older children or adults; the reasons for these 
age-related differences in MAC are not known. This fact, 
combined with the need for deeper planes of anesthesia 
to achieve satisfactory conditions for tracheal intuba-
tion, places the infant in a precarious position because 
the safety margin between anesthetic overdose (from a 
cardiovascular standpoint) and inadequate depth of anes-
thesia (for tracheal intubation) is small. Avoiding con-
trolled respirations until an intravenous line is inserted, 
rapidly reducing the delivery of inspired anesthetic drug, 
especially with the initiation of controlled respirations 
after the administration of a muscle relaxant, and, in 
some cases, substituting opioids for an inhaled anesthet-
ics are practices that may improve safety.

Uptake of volatile anesthetics is more rapid in children 
because of an increased respiratory rate and cardiac index 
and a greater proportional distribution of cardiac output 
to vessel-rich organs. This rapid rise in blood anesthetic 
levels, combined with functional immaturity of cardiac 
development, probably explains, in part, why delivering 
an inhaled anesthetic overdose to infants and toddlers 
is so easy. Age-related differences in blood-gas partition 
coefficients may also facilitate a more rapid rise in alve-
olar concentration in infants. Other factors include the 
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Figure 93-8. The minimum alveolar concentrations (MACs) of four 
commonly used inhaled anesthetics are plotted versus age. MAC is 
highest in infants 3 to 6 months of age. The reasons for this are not 
clear. (Extracted from data from references 19 through 26.)
state of hydration (e.g., excessive fasting would make a 
small infant relatively dehydrated) and the type of anes-
thesia circuit used. For example, a Mapleson D has a 
smaller volume than a circle system; therefore less vol-
ume is needed to achieve equilibration when the concen-
tration of anesthetic agent exiting the vaporizer increases. 
With a Mapleson D circuit (rarely used in modern anes-
thetic practices), the fresh gas flow is introduced into the 
system at the airway and directly enters the child’s lungs. 
Perhaps the most important factor influencing the poten-
tial for anesthetic overdose in neonates is the number of 
MAC multiples that can be delivered by the vaporizer; 
for example, a halothane vaporizer can deliver up to 5.75 
MAC multiples versus 2.42 MAC multiples for a sevoflu-
rane vaporizer (Table 93-2).

Sevoflurane
Sevoflurane has a gas partition coefficient similar to that 
of nitrous oxide (also see Chapters 25 and 26). Sevoflu-
rane is less pungent than isoflurane and desflurane; it 
may be superior or equivalent to halothane for inhaled 
induction of anesthesia. As with all volatile anesthetics, 
the MAC is highest in young patients: 3.3% for neonates, 
3.2% for infants 1 to 6 months old, and 2.5% for chil-
dren older than 6 months.19,20 Sevoflurane and halothane 
are approximately equivalent in terms of airway compli-
cations during induction of anesthesia (laryngospasm, 
bronchospasm, breath holding), but the rate of induc-
tion is more rapid with sevoflurane. The incidence of 
coughing during induction with sevoflurane (∼6% versus 
∼10%) is smaller and a 33% more frequent incidence of 
excitement occurs during emergence (∼21% versus ∼15%) 
(Table 93-3). Both sevoflurane and halothane produce 
dose-related respiratory depression; however, halothane 
produces a decrease in tidal volume and an increase in 
respiratory rate, whereas sevoflurane decreases both the 
respiratory rate and the tidal volume. Respirations may 
need to be assisted during the early induction stage in 
sevoflurane-anesthetized children. Unless the inspired 
concentration is significantly reduced (usually to ∼3%), 
such assistance then increases the potential for anesthetic 
overdose while attempts are made to establish intrave-
nous access.27

Sevoflurane and halothane also have different cardio-
vascular profiles. Children older than 3 years of age usu-
ally experience an increase in heart rate and no change 
in systolic blood pressure with sevoflurane, whereas with 

TABLE 93-2 MINIMUM ALVEOLAR 
CONCENTRATION MULTIPLES FOR A NEONATE 
ALLOWED BY CURRENT VAPORIZERS 

Agent

Maximum 
Vaporizer 
Output (%) MAC (%)

Maximum 
Possible MAC 
Multiples

Halothane 5 0.87 5.75
Isoflurane 5 1.20 4.2
Sevoflurane 8 3.3 2.42
Desflurane 18 9.16 1.96

From Coté CJ, Lerman J, Anderson BJ, editors: A practice of anesthesia for 
infants and children, ed 5, Philadelphia, 2013, Saunders.

MAC, Minimum alveolar concentration.
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TABLE 93-3 SUMMARY STATISTICS FOR 17 STUDIES COMPARING THE CHARACTERISTICS OF SEVOFLURANE 
AND HALOTHANE

Problem

Sevoflurane Halothane

Chi SquareYes No Percent Yes No Percent

Laryngospasm 22 773 2.8 22 601 3.5 .503
Breath holding 33 635 4.9 34 439 7.2 .143
Coughing 42 662 6.0 52 454 10.3 .008
Excitement during 

induction
92 556 14.2 58 423 12.0 .338

Bronchospasm 2 604 .33 2 436 .46 .856
Excitement during 

emergence
169 645 20.8 102 573 15.1 .006
halothane, the heart rate does not change but systolic 
blood pressure decreases. The children most vulnerable to 
anesthetic overdose are the age groups that have the least 
increase in heart rate and the largest decrease in systolic 
blood pressure (34% ± 16% and 26% ± 20%, respectively, 
for neonates and infants younger than 6 months of age).19 
These changes in systolic blood pressure are comparable 
with those produced by equi-MAC concentrations of 
halothane.20 As described in the Pediatric Perioperative 
Cardiac Arrest (POCA) registry, the use of controlled ven-
tilation is related to cardiac arrest; generally, arrest occurs 
before the establishment of intravenous access.27 Even 
sevoflurane can cause catastrophic effects on the infant’s 
cardiovascular system. Although sevoflurane causes less 
myocardial depression than that of halothane, a differ-
ence in safety has not been established. Alternatively, the 
use of a neuromuscular blocker to facilitate tracheal intu-
bation (also see Chapter 34) and an avoidance of high 
inspired concentrations of sevoflurane could be a safer 
approach in this age group.

The safety of all potent anesthetics probably relates 
to how the drugs are used, the experience of the person 
administering the anesthesia, and other less obvious fac-
tors. When inducing anesthesia with sevoflurane with 
resultant apnea, the inspired concentration of sevoflurane 
should be reduced while gently assisting respirations. After 
intravenous access is established, a decision must be made 
regarding continued management with just a face mask, 
with a supraglottic airway device (e.g., laryngeal mask air-
way [LMA]), or with a tracheal tube. If a supraglottic device 
is inserted, then propofol (1 mg/kg) can be administered 
and the device inserted 30 to 45 seconds later. Most chil-
dren maintain spontaneous respirations from this dose of 
propofol, whereas others will become apneic and require 
assisted ventilation for several minutes. If an endotracheal 
intubation is to be performed, then two techniques seem 
reasonably safe: (1) For a brief procedure, the inspired 
concentration of sevoflurane is increased to 8% and con-
trolled ventilation is instituted for a brief period (usually 
1 to 2 minutes) to rapidly deepen the plane of anesthe-
sia. When spontaneous respirations cease, propofol (1 
to 2 mg/kg) is then administered, the vaporizer is shut 
off (to ensure that the 8% sevoflurane is not accidentally 
continued), and then the tracheal tube is inserted. (2) If 
muscle relaxation is necessary, then sevoflurane can be 
administered with an inspired concentration of 3.5% to 

Data from References 19-26.
4% (lower for a neonate). An appropriate muscle relax-
ant is administered (also see Chapter 34), and the tracheal 
tube is then inserted. At this point, the inspired concen-
tration of sevoflurane can be reduced or changed to an 
appropriate concentration of halothane or isoflurane for 
maintenance. Changes in time to discharge (i.e., “street 
readiness”) do not seem significantly different, based on 
the choice of volatile anesthetic.

Several other issues related to sevoflurane are worthy 
of mention. The most important is the risk of exother-
mic reactions with dry desiccant,28-31 which has resulted 
in fires and explosions (sevoflurane and Baralyme) (see 
also Chapter 109); this reaction should no longer be a 
risk since Baralyme is no longer marketed.32-34 These inci-
dents are associated with high flows of oxygen through 
the circuit for extended periods and then the use of high 
inspired sevoflurane concentrations (e.g., the first proce-
dure on a Monday morning). Another issue is the produc-
tion of toxic metabolites as a result of an interaction with 
the carbon dioxide absorbent.35,36 Compound A appears 
to be nephrotoxic in animal models, the clinical implica-
tions of which are not clear. Low-flow (2 L/minute) and 
prolonged anesthesia have not altered the usual markers 
of renal function. Sevoflurane appears to be a safe anes-
thetic, even for prolonged surgical procedures. Fresh gas 
flows (less than 1 L/minute) are not recommended. The 
use of new carbon dioxide absorbents that do not contain 
a strong base seems to eliminate most of these issues.

A major concern is the more frequent incidence of 
emergence agitation with sevoflurane than with halo-
thane (see Table 93-3). This response during emergence 
from sevoflurane anesthesia is not related to pain and is 
especially frequent in children 5 years of age or younger. 
The incidence of emergence agitation can be reduced 
with midazolam and/or the administration of clonidine 
(orally or epidurally), ketorolac, fentanyl, or dexmedeto-
midine.37 When the data from many studies are com-
bined, the true difference in emergence agitation is quite 
small (∼21% with sevoflurane and ∼15% with halothane). 
This issue is usually a problem when patients arrive in 
the postanesthesia care unit (PACU) in an agitated state. 
With halothane, children generally arrive in the PACU 
still partially anesthetized, the nurses are able to chart 
their initial vital signs, and then the children become 
agitated. In either case, this condition responds to small 
doses of fentanyl or propofol and is generally short-lived 
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(∼5 to 10 minutes).37 Another issue is the report of sei-
zurelike activity during induction with sevoflurane. At 
least one careful electroencephalographic (EEG) study 
has not documented seizure activity, thus suggesting that 
these abnormal movements are not central in origin.38

Airway reflexes are usually inadequately suppressed 
from volatile anesthetic for the performance of bronchos-
copy during spontaneous respirations. Supplementation 
with any combination of intravenous propofol, small-
dose remifentanil, or a muscle relaxant is usually required 
with sevoflurane. Halothane is a superior inhaled anes-
thetic for this procedure but is not always available. The 
longer elimination half-life and maintenance of sponta-
neous respirations with halothane also contribute to its 
advantage for procedures in which the face mask is inter-
mittently applied, such as during bronchoscopy or suture 
removal after a cleft lip repair.

Halothane
The use of halothane in the United States has decreased 
dramatically; however, it is still widely used in other 
parts of the world. Halothane does not have a noxious 
smell and is commonly used for the gaseous induction of 
anesthesia in places where budgetary concerns limit the 
availability of sevoflurane. A statistically significant but 
clinically unimportant difference in the rapidity of awak-
ening (usually 3 to 5 minutes) nearly always occurs when 
comparing halothane with either desflurane or sevoflu-
rane. Most important, airway-related problems during 
induction occur less frequently with halothane and sevo-
flurane than with isoflurane or desflurane. Halothane and 
sevoflurane are the anesthetics of choice for the gaseous 
induction of anesthesia in children.

A 1987 report describing seven cases (one fatal) of 
halothane hepatitis concluded that children should not 
undergo repeated exposure to halothane (also see Chap-
ter 26).39 However, this report must be placed in its 
proper perspective. Millions of children have been anes-
thetized with halothane. Perhaps a dozen instances of 
halothane hepatitis—and one or two deaths—have been 
reported in children. This is a remarkable safety record 
for any medication. Because halothane hepatitis appears 
to be primarily an adult issue, the use of other anesthetics 
or techniques in teenage patients may make sense. Hal-
othane will probably remain the most commonly used 
potent anesthetic in undeveloped countries because of 
cost. Furthermore, hepatic dysfunction has been reported 
in children after all potent anesthetics, including sevoflu-
rane and desflurane.

Sensitization of the myocardium to arrhythmias 
because of exogenous and endogenous catecholamines 
is another concern with halothane. Most arrhythmias 
associated with halothane anesthesia in children are 
caused by either hypercapnia or an inadequate depth of 
anesthesia.40 Up to 10 μg/kg of epinephrine may be used 
with minimal risk of cardiac arrhythmias in children. 
The heart rate is generally stable or slightly decreased. If 
tachycardia develops in a halothane-anesthetized child, 
then inadequate anesthesia or hypovolemia is usually 
the cause. This development is distinctly different from 
isoflurane, desflurane, and sevoflurane, all of which can 
directly cause tachycardia.
Halothane is a potent myocardial depressant that can 
have profound effects on neonates and children with 
congenital heart disease. Such depression is responsible 
for the occasional inability to give critically ill children 
sufficient concentrations of halothane to provide anes-
thesia without inducing severe hypotension. In this cir-
cumstance, the liberal use of short-acting opioids with 
low concentrations of halothane generally provides the 
desired response. The POCA study reported a more fre-
quent incidence of anesthetic-induced cardiac arrests 
with halothane; the use of controlled ventilation (prob-
ably without reducing the inspired concentration of the 
anesthetic agent) was a common observation.27 Although 
both halothane and sevoflurane depress cardiac func-
tion, sevoflurane is less of a myocardial depressant.41,42 
However, at both 1 and 1.5 MAC in children, no signifi-
cant difference in mean arterial blood pressure has been 
reported41; in infants, no difference has been observed at 
1 MAC, but a difference at 1.5 MAC was reported. The 
simple administration of atropine would abolish these 
differences.

Isoflurane
Isoflurane may have some advantages over halothane: 
less myocardial depression, preservation of the heart rate, 
and a larger reduction in the cerebral metabolic rate for 
oxygen (also see Chapters 25 and 26). These properties 
may be beneficial in selected children. The major dis-
advantages of isoflurane are its noxious smell, which is 
unacceptable to many children, and a more frequent 
incidence of airway-related events (e.g., laryngospasm, 
coughing). Hypertension is also occasionally observed, 
especially in teenagers, when the inspired concentration 
is rapidly increased or when the change from sevoflu-
rane to isoflurane is sudden. The probable mechanism is 
similar to that of desflurane—stimulation of pulmonary 
irritant receptors, causing increased sympathetic activity 
and stimulation of the renin-angiotensin system. Occa-
sionally, a diffuse rash appears, primarily on the torso. 
All signs and symptoms regress with the decrease of the 
inspired concentration of isoflurane.

Desflurane
Desflurane has a gas partition coefficient similar to that 
of nitrous oxide (also see Chapter 26). Unfortunately, it 
causes an unacceptable incidence of laryngospasm (∼50%) 
during the gaseous induction of anesthesia in children.43 
Gaseous induction of anesthesia with halothane or sevo-
flurane and then changing to desflurane for maintenance 
and wake-up may be reasonable. This changeover, unlike 
a similar change to halothane or isoflurane, may be clini-
cally important in that the gas partition coefficient clearly 
favors rapid excretion. However, changing to desflurane 
for long procedures makes more sense than for brief cases, 
during which such accumulation is less likely. The more 
rapid awakening may be advantageous for neurosurgical 
and spinal fusion procedures, for which early assessment 
of mental and neurologic status is important. One study 
of pediatric patients undergoing adenoidectomy found a 
more rapid wake-up with desflurane than with sevoflu-
rane or halothane, yet desflurane was also associated with 
the most frequent rate of emergence agitation.44 Nasally 



administered fentanyl (2 μg/kg) reduces the incidence of 
emergence agitation, but it also increases the incidence of 
postoperative vomiting.45

The MAC for desflurane is dependent on age: 9.2% for 
neonates, 9.4% for infants 1 to 6 months of age, 9.9% 
for infants 6 to 12 months of age, 8.7% for 1 to 3 year 
olds, and 8% for 5 to 12 year olds.22 Interestingly, nitrous 
oxide does not contribute to the MAC of desflurane to the 
same degree as it does with other volatile anesthetics.46 
Desflurane, unlike other volatile anesthetics, has virtually 
no hepatic metabolism. Concern for the potential for car-
bon monoxide poisoning with desflurane as a result of 
dry carbon dioxide absorbent (also possible with isoflu-
rane) can be prevented by rehydration before use. New 
carbon dioxide absorbents that do not contain a strong 
base may offer improved safety.

DRUGS USED TO INDUCE ANESTHESIA

Propofol
Propofol is highly lipophilic and promptly distributes 
into and out of vessel-rich organs; its rapid redistribu-
tion, hepatic glucuronidation, and high renal clearance 
account for the short duration of its effect (also see Chap-
ter 30). As with barbiturates, the induction dose is larger 
in younger children (2.9 mg/kg for infants younger than 
2 years of age) than in older children (2.2 mg/kg for chil-
dren 6 to 12 years of age). The central volume is large 
and the clearance is rapid in young children.47 The major 
drawback of propofol is pain on intravenous administra-
tion, particularly through small veins. As little as 0.2 mg/
kg of lidocaine (mixed with the propofol) is effective in 
reducing but not eliminating this discomfort. Placing a 
tourniquet on the child and administering 1 mg/kg (up to 
40 mg) of lidocaine 15 to 20 seconds before administering 
the propofol helps; propofol is then administered with 
the intravenous line running, and the tourniquet is then 
let down. This mini–Bier block technique is quite effective 
in reducing pain. Another method for minimizing pain is 
to use a small (22- to 24-gauge) catheter and to administer 
the drug through a large antecubital vein. Propofol is par-
ticularly useful for the brief and repeated sedation needed 
for radiotherapy in children with central venous lines. A 
constant infusion is useful for sedating children undergo-
ing radiologic procedures and as a means of maintaining 
anesthesia during transport from one location to another, 
for example, from radiology to the surgical unit. A modest 
reduction in systolic blood pressure often accompanies a 
bolus administration. Propofol reduces the incidence of 
postoperative vomiting. Because propofol contains egg 
and soy products, it should be used with caution in chil-
dren with egg or soy anaphylactic allergies48,49; however, 
a study of children with known egg allergy reported only 
one nonanaphylactoid reaction.50 It should be avoided in 
children with anaphylactic reactions to eggs.

The major concern with propofol is the potential for 
propofol infusion syndrome (e.g., lactic acidosis, rhab-
domyolysis, cardiac and renal failure), which is gener-
ally associated with high-dose infusions for an extended 
period (usually days in an intensive care unit [ICU] envi-
ronment)51 (also see Chapter 30). Although no such cases 
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ave been reported in healthy children during routine 
nesthesia care, one child with a genetic defect in lipid 
etabolism who received approximately 150 μg/kg/min 
∼9 mg/kg/hr) for 6.5 hours during scoliosis repair was 
eported. This case report along with one other52 suggests 
aution in the use of propofol in children with known 
efects in lipid metabolism,53,54 which may include some 
orms of mitochondrial disease. Yet, propofol has been 
afely used in many children with mitochondrial disease; 
his caution applies only to those with defects in lipid 

etabolism.55

ethohexital
ethohexital is generally administered intravenously at 

 concentration of 1% and a dose of approximately 1 to 
 mg/kg (also see Chapter 30). Problems associated with 
ntravenous administration include burning, hiccups, 
pnea, and extrapyramidal-like movements. Methohexi-
al has a shorter elimination half-life than thiopental. 
t is also useful for providing sedation during radiologic 
rocedures by rectal administration (10% solution). Usu-
lly, 25 to 30 mg/kg produces light sleep within 8 to 10 
inutes that lasts for 20 to 40 minutes. Obstructive or 

entral apnea may occasionally occur. Therefore a means 
f ventilating the child must be available, and appropri-
te monitoring with pulse oximetry is important. Because 
t can cause seizures, methohexital is contraindicated in 
hildren with temporal lobe epilepsy. Children receiving 
eizure medications generally require larger doses.

hiopental
ntravenous bolus administration of 2.5% thiopental (5 
o 6 mg/kg) is sufficient to induce anesthesia in most 
ealthy, unpremedicated children (also see Chapter 30). 
ermination of effect occurs through redistribution into 
uscle and fat; thiopental should be used in reduced 

oses (2 to 4 mg/kg) in children who have low fat stores, 
uch as neonates or malnourished infants. Limiting the 
otal dose to 10 mg/kg or less in older children minimizes 
he possibility of prolongation of anesthesia caused by 
esidual barbiturate sedation. Thiopental (30 mg/kg in a 
0% solution) may also be rectally administered if metho-
exital is contraindicated; thiopental is no longer avail-
ble in the United States.

etamine
etamine causes central dissociation of the cerebral cor-

ex while providing analgesia and amnesia (also see Chap-
er 30). In addition to the intravenous and intramuscular 
outes, ketamine may be administered rectally (10 mg/kg),  
rally (6 to 10 mg/kg), or intranasally (3 to 6 mg/kg). 
he combination of oral ketamine (4 to 6 mg/kg), oral 
idazolam (0.5 mg/kg), and oral atropine (0.02 mg/kg) 

rovides a deeply-sedated child. Intravenous administra-
ion of doses as low as 0.25 to 0.5 mg/kg may be used to 
rovide sedation and analgesia for painful procedures, 
hereas doses of 1 to 2 mg/kg produce sedation suffi-

ient for a smooth transition to general anesthesia. Larger 
oses (up to 10 mg/kg intramuscularly) provide sufficient 
nalgesia for the insertion of invasive monitoring devices 
efore the induction of anesthesia (cardiac surgery) or in 
hildren with limited venous access. Ketamine is useful 
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for the induction of anesthesia in hypovolemic children. 
Patient-to-patient variability in response to this drug is 
relatively large, however. A major side effect, increased 
production of secretions, usually requires the administra-
tion of an antisialagogue agent. Other undesirable side 
effects include vomiting and postoperative “dreaming” or 
hallucinations; the incidence of dreaming may be reduced 
by the concomitant administration of a benzodiazepine. 
Although spontaneous respirations and a patent airway are 
usually maintained, apnea and laryngospasm may occur.

Contraindications to the use of ketamine in children 
include the presence of an active upper respiratory infec-
tion (URI), increased intracranial pressure, open-globe 
injury, and a psychiatric or seizure disorder. Ketamine 
does not preserve the gag reflex and thus should not be 
used as the sole anesthetic for children with a full stom-
ach or a hiatal hernia. Ketamine has also been used as 
an adjunct for epidural analgesia.56 However, because the 
preservative in most ketamine preparations is neurotoxic, only 
preservative-free ketamine must be administered in the epi-
dural space (also see Chapter 30).

Etomidate
Etomidate is a steroid-based hypnotic drug used for induc-
tion of anesthesia (also see Chapter 30). As with propofol, 
the incidence of pain on intravenous administration is fre-
quent. Concerns regarding anaphylactoid reactions and 
suppression of adrenal function have limited widespread 
use of this anesthetic. Etomidate is extremely useful in 
children with a head injury and those with an unstable 
cardiovascular status, such as children with a cardiomy-
opathy, because of the virtual absence of adverse effects 
on the cardiovascular system.57,58 This drug has gained 
increasing popularity for airway management in the 
emergency department setting.59 Usual doses are 0.2 to 
0.3 mg/kg given before the administration of a small-dose 
opioid and a muscle relaxant. Etomidate is often used to 
facilitate tracheal intubation in children who are critically 
ill. Because a high proportion of critically ill children, 
particularly those resistant to vasopressors, suffer from 
relative adrenal insufficiency, steroid supplementation 
may be indicated in such children in whom etomidate is 
deemed necessary for their safe airway management.60,61 
A new ultrashort-acting etomidate analogue (cyclopropyl-
methoxycarbonyl metomidate) may avoid adrenal sup-
pression while allowing a continuous infusion.62

SEDATIVES AND ANXIOLYTIC AGENTS

Diazepam
Oral absorption of diazepam is more rapid in children 
than in adults, with 0.1 to 0.3 mg/kg usually providing 
excellent peak sedation within 1 hour (also see Chapter 
30). Intravenous administration is painful and not well 
tolerated; diazepam may also be rectally administered. 
Because the liver is the main site of degradation, this 
medication should be given with caution to any child 
with hepatic disease. Diazepam has an extremely long 
half-life in neonates (80 hours) and may not be indicated 
until the infant is 6 months of age or until hepatic meta-
bolic pathways have matured.
Midazolam
Midazolam is water soluble and therefore not generally 
painful on intravenous administration (also see Chap-
ter 30). Because of its water solubility, it takes three times 
longer to reach a peak EEG effect than the more fat-soluble 
diazepam. The clinician waits at least 3 minutes between 
intravenous doses to avoid stacking of effect.63 The shorter 
elimination half-life (∼2 hours) of midazolam than diaze-
pam (∼18 hours) offers an advantage for use as a premedi-
cation in children. Midazolam is the only benzodiazepine 
approved by the U.S. Food and Drug Administration for 
use in neonates; the half-life is significantly longer (6 to 
12 hours) in this population.64 Severe hypotension has 
occurred in neonates after bolus administration, and 
the potential for this problem is apparently increased in 
neonates also receiving fentanyl. Midazolam is rapidly 
absorbed after intramuscular (0.1 to 0.15 mg/kg, maxi-
mum of 7.5 mg), oral (0.25 to 1.0 mg/kg, maximum of 
20 mg), rectal (0.75 to 1.0 mg/kg, maximum of 20 mg), 
nasal (0.2 mg/kg), or sublingual (0.2 mg/kg) administra-
tion.65 Nasal administration is uncomfortable for most 
children. Midazolam probably augments the respiratory 
depressant effects of opioids. One important interaction 
is that erythromycin, calcium channel blockers, prote-
ase inhibitors, and even grapefruit juice produce a clini-
cally important delay in midazolam metabolism because 
of inhibition of cytochrome P450. In this circumstance, 
either midazolam should be avoided or the dose reduced 
by 50%.66 Nasal administration may increase the possi-
bility of central nervous system (CNS) toxicity as a result 
of drug entering the CNS along the olfactory nerves.67 
Because neurotoxicity has never been examined and 
most children cry with nasal administration, this author 
believes that this route should generally be avoided.

Dexmedetomidine
Dexmedetomidine is a selective α2-adrenergic agonist with 
anxiolytic, sedative, and analgesic properties (also see 
Chapter 30). The role of this drug for the care of children 
awaits further investigation to clarify its exact advantages 
and disadvantages. Very limited well-controlled pediat-
ric studies have been conducted. A pharmacokinetic trial 
involving 36 children, 2 to 12 years of age, revealed a 
terminal elimination half-life of approximately 110 min-
utes with both heart rate (≤15%) and systolic blood pres-
sure (≤25%) decreasing over time as the dose is increased; 
these observations are similar to those in adults.68 Infu-
sions of 2, 4, or 6 μg/kg for 10 minutes (total dose 0.33 
to 1.0 μg/kg) found no significant effect on the respira-
tory rate or oxygen saturation during the 1-hour period 
of observation before induction of anesthesia. Only one 
child initially demonstrated an increase in blood pres-
sure, but it was unclear whether it was drug related. Tran-
sient sedation occurred in all children, and the authors 
recommend slow intravenous infusion to minimize pos-
sible adverse hemodynamic events that might occur with 
bolus administration. The use of dexmedetomidine as 
a sole drug or combined with other sedatives has been 
described in children undergoing cardiac catheterization 
and a variety of radiologic procedures.69,70 Dexmedetomi-
dine facilitates fiberoptic intubation,71 provides sedation 
for a child undergoing an awake craniotomy,72 reduces 



the incidence of emergence agitation,73,74 and facilitates 
withdrawal from opioids.75 In addition, this medication 
can provide prolonged sedation in children who are criti-
cally ill.76 Thus the indications in children would seem to 
be the same as in adults. Large dose dexmedetomidine (2 
to 3 μg/kg initial dose, followed by 1 to 2 μg/kg/hr) infu-
sion has been associated with severe bradycardia (heart 
rate, 40 beats/minute),77,78 but treatment with glycopyr-
rolate resulted in severe and persistent hypertension of 
unknown cause.79 Given these potentially serious adverse 
effects, large dose dexmedetomidine cannot be recom-
mended. In general, an initial dose of 0.7 to 1.0 μg/kg 
administered over 10 minutes is followed by an infu-
sion of 0.5 to 1 μg/kg/hr; further sedation can be accom-
plished with opioid, benzodiazepines, or other sedating 
medications.80

OPIOIDS (Also See Chapter 31)

Morphine
Morphine is the oldest commonly used long-acting 
opioid. Its use in neonates (those younger than 10 days) 
remains controversial because it may cause more respi-
ratory depression than meperidine. Higher brain levels 
of morphine were found in neonatal rats than in adult 
rats, thus implying that permeability of the blood-brain 
barrier may account, in part, for the apparent sensitivity 
of the human neonate to morphine.81 This rationale led 
to the common belief that infants are sensitive to the 
effect of opioids. More recent studies have found age-
dependent pharmacokinetics. Newborns have slower 
clearance of morphine, and therefore a smaller dose 
will result in higher plasma values because of a longer 
elimination half-life.82 Term infants older than 10 days 
may clear morphine more rapidly and at a similar rate 
as adults.

The issue of respiratory sensitivity and the age at 
which it decreases in humans has yet to be resolved; a 
difference between morphine and fentanyl may exist that 
may not relate to the transport of drug into the brain.83 If 
so, then changes in pharmacodynamics rather than sim-
ply maturation of the blood-brain barrier are dominant. 
Morphine should be administered with caution to neo-
nates and preterm infants who are not in a monitored set-
ting. Infants older than 6 months probably have a normal 
adult response to morphine.

Meperidine
Meperidine received great attention when it was thought 
to cause less respiratory depression than morphine in 
newborns (also see Chapter 31).84 This difference may 
be related, in part, to the fact that meperidine is signifi-
cantly more lipophilic than morphine. Unlike morphine, 
the fraction of drug that enters the brain of neonates is 
similar to that entering the brain of older children. As 
with all drugs administered to neonates, a large patient-
to-patient variability in metabolism and response exists. 
Meperidine is not appropriate for long-term or repeated 
administration because of the accumulation of the toxic 
metabolite normeperidine; this drug has been removed 
from the formulary of many children’s hospitals.
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Fentanyl
Fentanyl is the most commonly used opioid in infants 
and children (also see Chapter 31). Its major advantages 
relate to its rapid onset and brief duration of action. This 
opioid is more lipophilic than meperidine; the potential 
effects of the blood-brain barrier are of no importance 
with fentanyl. Termination of the effect of low doses of 
fentanyl primarily results from redistribution, whereas 
termination of the effect of high doses depends on elimi-
nation. Large doses of fentanyl achieve the properties of 
long-acting opioids.

Fentanyl induces a very stable cardiovascular response 
while providing an anesthetic state. The dosage required 
to produce anesthesia varies considerably, depending on 
the child’s age, the surgical procedure, the health of the 
child, and the use of anesthetic adjuvants.85 Neonates 
undergoing abdominal surgery have a longer fentanyl 
half-life than do those undergoing other procedures; 
hepatic blood flow, and factors that greatly increase or 
decrease hepatic blood flow, such as positive end-expi-
ratory pressure (PEEP) or the use of vasopressors, may 
alter the pharmacokinetic response. Impaired hepatic 
function may also play a role in the altered kinetics with 
increased intraabdominal pressure.86 Therefore the phar-
macokinetic and pharmacodynamic profile is very differ-
ent and more variable for neonates than it is for older 
children. A dose of 12.5 μg/kg produces anesthesia in full-
term neonates undergoing abdominal surgery,85 whereas 
larger doses (30 to 100 μg/kg) are used for cardiac surgery 
(also see Chapter 94). These doses are safe in children 
whose ventilation will be controlled postoperatively; 
much smaller doses (2 to 10 μg/kg) should be used with 
other anesthetics if ventilation is not to be controlled 
postoperatively. Because the cardiac output of neonates 
is determined by the heart rate, fentanyl-induced bra-
dycardia may require the administration of a vagolytic 
drug, such as atropine or even pancuronium during long 
procedures.

Alfentanil
Alfentanil is more rapidly eliminated than fentanyl; 
its pharmacokinetic effects are independent of dose 
(also see Chapter 31), which may provide a margin of 
safety because the greater the administered dose, the 
greater the elimination. Clearance of alfentanil may be 
increased in children, compared with adults. As with 
any opioid, important patient-to-patient variability in 
pharmacokinetics and pharmacodynamics occurs in 
neonates and in children with impaired hepatic blood 
flow.

Sufentanil
Sufentanil has been primarily used for cardiac anesthe-
sia; age-dependent kinetics are also evident, particu-
larly in the first month of life (also see Chapters 31 and 
94). Children are able to clear sufentanil more rapidly 
than adults. This drug must be administered with cau-
tion because severe bradycardia and asystole have been 
reported when a vagolytic drug was not simultaneously 
administered.87 Sufentanil may be nasally administered 
as a premedicant or analgesic (2 μg/kg); however, desatu-
ration may follow.
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Figure 93-9. Remifentanil is the newest 
potent opioid available for the care of neo-
nates. Unlike virtually all other medications, its 
clearance is more rapid in neonates than it is 
in older children, probably because of elimina-
tion of remifentanil by nonspecific plasma and 
tissue esterases, as well as the larger volume of 
distribution in neonates. The importance of this 
observation is that developmental immaturity of 
liver and renal function does not affect the phar-
macokinetics of remifentanil. (Data abstracted 
from Ross AK, Davis PJ, del Dear G, et al: Pharma-
cokinetics of remifentanil in anesthetized pediatric 
patients undergoing elective surgery or diagnostic 
procedures, Anesth Analg 93:1393-1401, 2001.)
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Remifentanil
Remifentanil is the most recent addition to the opi-
oids available for the care of children (also see Chapter 
31).88 The main advantage of this opioid is its extremely 
brief half-life. Studies in adults have found that even 
after prolonged infusions, the time to a 50% reduction 
in effect-site concentration (i.e., effect on respiration) is 
approximately 4 minutes. One study examined its phar-
macokinetic effects in children and found age-related dif-
ferences in the volume of distribution and clearance but 
not in half-life (Figure 93-9).89 Contrary to the pharma-
cokinetics of most drugs, neonates are able to clear the 
drug more rapidly than older children! Of further interest 
is the very small patient-to-patient variability in pharma-
cokinetic parameters when compared with similar studies 
examining other opioids, particularly in infants and neo-
nates. Because remifentanil is degraded by nonspecific 
plasma and tissue esterases, the importance of matura-
tion of renal and hepatic function is minimal; the differ-
ences in remifentanil’s half-life among neonates, infants, 
and adults are minimal. Therefore this drug has great util-
ity in infants with hepatic or renal failure. The particu-
larly favorable pharmacokinetics in neonates allows the 
provision of a deep opioid-induced plane of anesthesia 
while avoiding cardiovascular depression and the need 
for postoperative ventilation. One multicenter study of 
infants undergoing pyloromyotomy found no difference 
in intraoperative hemodynamic parameters, time to tra-
cheal extubation, PACU discharge times, need for pain 
medications, or adverse events when compared with hal-
othane anesthesia.90,91 In older children, remifentanil is 
extremely helpful in the anesthetic management of those 
in whom neurologic status must be rapidly assessed. This 
drug is also very useful for cardiac surgery in children as a 
means of providing adequate opioid analgesia, cardiovas-
cular stability, and early extubation while transitioning 
to longer-acting low dose opioids (also see Chapter 94).

Several studies have examined bolus doses of remifen-
tanil as an alternative to succinylcholine.92,93 One study 
found that 1.25 μg/kg of remifentanil combined with 4 
mg/kg of propofol allowed all children (2 to 16 years of 
age) to have their tracheas successfully intubated, but more 
coughing was observed. In addition, the duration of apnea 
was longer in the remifentanil group than in those who 
received an equivalent dose of propofol combined with 
succinylcholine (1 mg/kg); none of the children in the 
remifentanil group developed chest wall rigidity.92 Another 
study of infants 2 to 12 months old and children 1 to 6 
years of age determined the 98% effective dose (ED98) for 
successful intubation to be similar in both age groups (∼2.9 
μg/kg).93 The second half of that study compared remifen-
tanil, 3 μg/kg, combined with propofol, 4 mg/kg, in 2- to 
12-month-old infants succinylcholine (2 mg/kg) combined 
with propofol (4 mg/kg) and found similar tracheal intu-
bating conditions; the duration of apnea was similar in 
both groups. Data are currently insufficient to support the 
routine substitution of remifentanil for succinylcholine for 
rapid sequence tracheal intubation. Because bolus doses of 
remifentanil are associated with hypotension and brady-
cardia, a vagolytic drug should also be administered.

In neonates and toddlers, the use of a more dilute con-
centration (e.g., 5 μg/mL) of remifentanil and bypassing 
the dead space of the injection port with a needle (or 
priming the dead space) are necessary to ensure that the 
onset of drug effect is not delayed.94,95 In older children, 
a standard solution of 50 μg/mL may be used. In general, 
a starting bolus dose is not necessary and an infusion of 
0.1 μg/kg/min may be increased or decreased as indicated. 
Two studies have compared the somatic and autonomic 
responses to skin incision during continuous remifentanil 
infusion in adults and children.96,97 The infusion rates to 
block somatic and autonomic responses in 50% of chil-
dren were significantly higher (approximately twofold 
greater) than in adults. The reason for such a disparity 
in drug requirement between adults and children is not 
clear. However, this observation is certainly clinically 
important because it suggests the possible need to (1) 
start at higher initial infusion rates, (2) rapidly increase 
infusion rates after an initial assessment of responses, (3) 
supplement the anesthetic with nitrous oxide or a volatile 
anesthetic, or (4) add another analgesic. This author has 
used a fixed combination of 100 μg of remifentanil com-
bined with 18 mL of propofol (final concentration, 5 μg/
mL of remifentanil) for children younger than 10 years of 
age and a lower fixed combination of 50 μg of remifent-
anil in 19 mL of propofol (final concentration of 2.5 μg/
mL) for older children and started the infusion rate equiv-
alent to 150 μg/kg/min of propofol; this combination 



provides excellent conditions for upper and lower endo-
scopic procedures. The smaller dose of remifentanil for 
the older children is to avoid bradypnea. One study has 
demonstrated adequate stability of this mix for 6 hours.98

For practical purposes and safety, remifentanil should 
be administered by continuous infusion. It should also 
be carried into the vein by a second continuous infusion 
because variations in drug delivery related to differences 
in intravenous fluid delivery can have profound effects on 
the rate of opioid administration.94,95 For neonates and 
small children, this author has generally used a continu-
ous infusion pump for administering the maintenance 
intravenous fluid at half the hourly requirement and 
piggyback the remifentanil infusion as close to the intra-
venous catheter as possible. In complex procedures, this 
author uses a separate intravenous line for all other anes-
thetic management issues. A further extremely impor-
tant concern is the need to provide analgesia once the 
remifentanil is discontinued. This author usually accom-
plishes this with morphine (0.05 to 0.2 mg/kg, depending 
on the severity of the expected pain) or with a regional 
nerve block administered well before the discontinuation 
of the remifentanil. This author has also used remifent-
anil as a means of producing profound analgesia while 
taking advantage of its vagotonic effects to reduce blood 
pressure in children undergoing spinal instrumentation. 
This strategy avoids interference of evoked motor or sen-
sory potentials because a low-dose inhaled volatile anes-
thetic and a propofol infusion may be used for anxiolysis 
and amnesia. Acute tolerance has been reported in this 
setting.99

MUSCLE RELAXANTS (Also See  
Chapter 34)

Depolarizing Muscle Relaxants
Succinylcholine is highly water soluble and rapidly redis-
tributes into the extracellular fluid volume. For this rea-
son, the dose required for intravenous administration of 
this depolarizing muscle relaxant in infants (2.0 mg/kg) 
is approximately twice that for older children (1.0 mg/
kg). Succinylcholine is the only short-acting relaxant that 
is effective when given intramuscularly; reliable muscle 
relaxation occurs within 3 to 4 minutes after 5 mg/kg in 
infants and 4 mg/kg in children older than 6 months. 
The skeletal muscle relaxation produced by intramuscu-
lar administration may last up to 20 minutes; more rapid 
onset is not achieved by splitting the dose into two injec-
tions or by changing the concentration. In an emergency 
situation, succinylcholine may be administered intra-
lingually (via a submental approach), which will further 
speed the onset of relaxation because the drug is more 
rapidly absorbed from the tongue than from peripheral 
skeletal muscle.

Cardiac arrhythmias frequently follow intravenous 
administration, especially during halothane anesthesia. 
Prior intravenous administration of atropine (but not 
intramuscular administration of atropine as a premedica-
tion) reduces the incidence of arrhythmias. Cardiac sinus 
arrest may follow the first dose of succinylcholine but 
is more common after repeated bolus administrations; 
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such arrest may occur in children of any age. Although 
the incidence of bradycardia is infrequent in older chil-
dren, this author has observed one 13-year-old child in 
whom asystole developed for approximately 30 to 45 sec-
onds after a single dose of succinylcholine administered 
with thiopental but not atropine; the asystole occurred 
before intubation and with 100% oxygen saturation and 
immediately responded to the administration of atropine 
and several chest compressions to circulate the atropine. 
Therefore a vagolytic drug should probably be intrave-
nously administered just before the first dose of succi-
nylcholine in all children, including teenagers, unless a 
contraindication to tachycardia (e.g., a cardiomyopathy) 
exists.

Succinylcholine has received significant attention 
because of the severity of its possible complications. The 
potential for rhabdomyolysis and hyperkalemia (par-
ticularly in boys younger than 8 years of age who have 
unrecognized muscular dystrophy), as well as the risk for 
masseter spasm and malignant hyperthermia, suggests 
that succinylcholine should not be routinely used in chil-
dren.100,101 Increased jaw muscle tone (masseter spasm) 
after succinylcholine has been observed, which may be 
a normal variant. However, masseter tetany (“jaws of 
steel”), which prevents any mouth opening, represents 
an extreme variation in increased masseter muscle tone 
and may be the reaction associated with malignant hyper-
thermia. This author has observed this effect two times; 
malignant hyperthermia did not develop in either child, 
but one child had creatine kinase (CPK) values larger than 
20,000 International Units (IU) the next morning.

With the foregoing cautions in mind, succinylcho-
line remains valued because it is the only commercially 
available ultrashort-acting muscle relaxant that provides 
a dependable, rapid onset of action. Intravenous use of 
this drug should be limited to children who have a full 
stomach or to treat laryngospasm; intramuscular or sub-
mental (intralingual) administration is indicated for chil-
dren with difficult intravenous access when control of the 
airway is deemed essential.

Hope is on the horizon for a safer alternative for rapid-
sequence intubation of the trachea and for treatment of 
laryngospasm (i.e., large-dose rocuronium, 1.2 mg/kg).102 
If the new reversal drug, sugammadex, is demonstrated 
to be safe and effective in children (see later discussion) 
and its ability to antagonize profound neuromuscular 
blockade is confirmed in children, the vast majority of 
life-threatening adverse effects associated with succinyl-
choline will disappear. In many countries all over the 
world, sugammadex has proven to be an excellent rever-
sal of neuromuscular blockade.

Nondepolarizing Muscle Relaxants
A comparison of infants with older children or adults 
regarding their responses to nondepolarizing muscle 
relaxants shows that infants are generally more sensitive 
to these drugs and that their responses vary to a greater 
degree (also see Chapter 34). Although the initial dose 
per kilogram needed for neuromuscular blockade is 
often similar for children of all ages, the greater volume 
of distribution and reduced renal or hepatic function of 
neonates result in a slower rate of excretion and hence a 
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TABLE 93-4 COMMONLY USED MUSCLE RELAXANTS AND REVERSAL AGENTS IN PEDIATRICS

Drug Average Intubation Dose (mg/kg) Category
Approximate Duration 
(minutes)

Muscle relaxants*
 Pancuronium 0.1 Long acting ∼45-60
 Cisatracurium 0.1 Intermediate acting ∼30
 Vecuronium 0.1 Intermediate acting ∼30
 Rocuronium Dose related:

0.3 Short acting ∼15-20
0.6 Intermediate acting ∼30-45
1.2 Long acting ∼45-75

Reversal agents†

Edrophonium 0.3-1.0 mg/kg + atropine, 0.02 mg/kg
Neostigmine 0.02-0.06 mg/kg + atropine, 0.02 mg/kg

*The response of preterm and term neonates (who may be more sensitive to the drugs) to muscle relaxants varies greatly from patient to patient. There-
fore all doses should be titrated to response. The recommended tracheal intubation doses may be reduced 30% to 50% in the presence of a potent 
inhaled agent.

†The dose of the reversal agent given to antagonize nondepolarizing neuromuscular blockade should be determined by the degree of residual neuromus-
cular blockade (i.e., the dose should be titrated to clinical effect).
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rolongation of effect. Neuromuscular blockade occurs 
t a lower blood concentration in infants.

The choice of nondepolarizing muscle relaxant 
epends on the side effects and the duration of the desired 
uscle relaxation. If tachycardia is desired (e.g., with fen-

anyl anesthesia), then pancuronium may be an appro-
riate choice. Vecuronium, atracurium, rocuronium, and 
isatracurium are useful for shorter procedures in infants 
nd children; they may also be administered as a constant 
nfusion. The method of excretion of atracurium and cis-
tracurium (Hofmann elimination and ester hydrolysis) 
akes these relaxants particularly useful in newborns 

nd children with immature or abnormal hepatic or renal 
unction. Vecuronium is valuable because no histamine is 
eleased; however, its duration of action is prolonged in 
ewborns, which makes it similar to pancuronium.

Rocuronium has a clinical profile similar to that of 
ecuronium, cisatracurium, and atracurium but offers 
he advantage that it can be administered intramuscu-
arly. One study observed that acceptable conditions 
or intubation are produced by rocuronium within 3 
o 4 minutes after 1 mg/kg intramuscularly in infants 
nd 1.8 mg/kg intramuscularly in children older than 
 year of age; these effects were more dependable with 
eltoid than with quadriceps muscle injection.103 This 
nset time is similar to that produced with intramus-
ular succinylcholine; however, the duration of action 
s approximately 1 hour, which could be a distinct dis-
dvantage for a brief procedure. The onset of neuro-
uscular blockade with intravenous rocuronium (1.2 
g/kg) is also virtually the same as intravenous suc-

inylcholine (1.5 mg/kg), and intubation conditions 
re identical.102 The author has used this intravenous 
ocuronium dose with propofol (3 to 4 mg/kg) for rapid-
equence induction after administering oxygen in chil-
ren in whom succinylcholine might present an added 
isk; even better intubating conditions are achieved 
ith the addition of intravenously administered lido-

aine (1 mg/kg). The tracheas of most children can be 
ntubated at 45 seconds. The disadvantage is that the 
uration of action is 45 to 75 minutes, thus limiting 
its usefulness to either long procedures or accepting 
the fact that prolonged neuromuscular blockade may 
result. Conversely, at small doses of rocuronium (0.3 
mg/kg), satisfactory conditions for tracheal intubation 
occur at approximately 3 minutes when combined with 
a volatile anesthetic, but successful reversal of neuro-
muscular blockade can usually be achieved within 15 
to 20 minutes.

Table 93-4 provides commonly recommended guide-
lines for doses. Because of the extreme variability in 
response, the doses of long-acting muscle relaxants used 
for infants should be carefully titrated, starting with 
one third to one half of the usual dose administered to 
older children. This author recommends routine phar-
macologic antagonism of neuromuscular blockade in all 
neonates and small infants, even if they have clinically 
recovered, because any increase in the work of breath-
ing may cause fatigue and respiratory failure. Useful signs 
of reversal are the ability to lift the legs and arms and 
recovery of the train-of-four response to peripheral nerve 
stimulation.

Sugammadex
Sugammadex is a cyclodextrin whose endoskeleton 
forms a water-soluble complex with the exoskeleton of 
rocuronium; it was specifically designed to antagonize 
the effects of rocuronium104,105 (also see Chapter 35). The 
purported advantage of sugammadex is that antagonism 
occurs as a result of covalent bonding, and because sugam-
madex is made of sugars, the potential for adverse side 
effects would appear to be minimal.105,106 This drug also 
reverses the other steroidal relaxants, vecuronium and 
pancuronium, probably to a lesser extent. The mechanism 
of reversal is a lowering of the plasma concentration and 
thus reversing the concentration gradient and encapsulat-
ing the rocuronium for transport away from the myoneural 
junction.105,107 The result is a more rapid antagonism than 
with a neostigmine-atropine mixture.108 Furthermore, 
sugammadex has no cardiovascular effects; therefore it 
does not require a drug such as atropine. The importance 
of this new approach to antagonism of neuromuscular 



blockade is the ability to avoid all the side effects of neo-
stigmine and anticholinergic medications, as well as the 
ability to antagonize profound neuromuscular blockade. 
This very exciting development could virtually eliminate 
the need for succinylcholine in pediatric practice, except 
perhaps for intramuscular use in children without intra-
venous access. Even in this circumstance, intramuscular 
rocuronium would be antagonized by sugammadex, pro-
vided that adequate doses are administered. Certainly, the 
adult data are very promising, and if sugammadex has a 
minimal adverse event profile, then it may completely 
change the approach to anesthesia in children. Data also 
suggest a more rapid recovery from anaphylaxis related to 
rocuronium when sugammadex is administered as a rescue 
medication.109,110 Unfortunately, the manufacturer has 
established a price so high that its routine use is inhibited 
and usually not financially practical (Table 93-5). There-
fore at the time of this writing, it appears that sugamma-
dex will be administered as a rescue drug only.

ANESTHETIC CONSIDERATIONS

PREOPERATIVE PREPARATION

The preoperative visit and preparation of the child for 
surgery are more important than the choice of premedi-
cation (also see Chapter 38). During this time the anes-
thesiologist evaluates the medical condition of the child, 
the needs of the planned surgical procedure, and the 
psychological makeup of the child and family. The anes-
thesiologist also formulates the approach to induction of 
anesthesia, explains the possibilities regarding induction, 
and helps soothe family concerns. Because the anxiety 
felt by the parents may be transferred to the child, any 
practice that reduces anxiety in the parents may also 
reduce anxiety in the child. Therefore the anesthesiolo-
gist should explain in great detail what the child and fam-
ily can expect and what will be done to ensure their own 

TABLE 93-5 APPROXIMATE COST FOR REVERSAL 
OF ROCURONIUM BY WEIGHT AND DENSITY OF 
BLOCK*

Depth of Block

Weight (kg)

3 10 20 70

Mild (4 twitches with 
fade) 2 mg/kg

$1.4625 $9.75 $19.50 $67.90

Moderate (1-2 twitches) 
4 mg/kg

$1.95 $19.50 $39.00 $135.80

Profound (no twitches)  
8 mg/kg

$3.90 $39.00 $78.00 $271.60

Wasted drug (single-
patient use; profound 
blockade)

$93.60 $58.50 $19.50 $68.025†

Reproduced with permission from Coté CJ, Lerman J, Anderson BJ, editors: A 
practice of anesthesia for infants and children, ed 5, Philadelphia, 2013, 
Saunders.

*Rocuronium is not yet approved by the U.S. Food and Drug Administration; 
therefore the above prices are based on the United Kingdom costs.

†Assumes one 200-mg vial and one 500-mg vial for complete dosing:
Cost per 200 mg vial: £60 or ∼$97.50 ($0.4875/mg)
Cost per 500 mg vial: £149 or ∼$242.125 ($0.4843/mg)
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and their child’s utmost safety. The more information 
that the parents and child have, the more easily they will 
deal with the stress of surgery and hospitalization. Presur-
gical programs such as videotapes, literature, and hospital 
tours also help. Play therapy can also relieve stress; it is 
amazing to observe children so enthralled with their iPad 
video game that they fall asleep while playing the game.

After chart review, physical examination, and furnish-
ing information regarding the approximate time and 
length of surgery, the anesthesiologist should describe 
to the child what anesthesia is and what will be done to 
ensure good care. The purpose of all monitoring devices 
should be explained to both the child and family. Chil-
dren need to understand that none of these devices will 
hurt and that they can watch during their application. 
If an intravenous line will be started, then the child 
needs to be told that “numbing” medicine will be used. 
Any special monitoring devices, such as an arterial line, 
central venous line, nasogastric tube, or urine catheter, 
should also be described to the parents, with assurances 
that these devices will be inserted after the induction of 
anesthesia. Part of this informed consent is also a descrip-
tion of the anesthesiologist’s role in the operating room. 
It is vital to assure parents that the “anesthetic prescrip-
tion” will be tailored to meet their child’s medical, as well 
as surgical, needs. This author uses the phrase “anesthetic 
prescription” because anesthesiologists are physicians, as 
is the surgeon or a pediatrician, and it is important for 
families to clearly understand this.

Children think in very concrete terms, therefore care 
must be taken to avoid misunderstandings. Explaining to 
children that the “sleep” caused by anesthetic drugs dif-
fers from normal sleep is important. They should know 
that the anesthesia medicines keep them from awakening 
during surgery and from remembering the operation. It 
should also be explained that the anesthesia medicines 
will be removed at the end of surgery and that they will 
then wake up and return to their parents. This kind of 
explanation does not require a significant amount of time 
and goes a long way toward reassuring the child and fam-
ily about the quality of care provided.

The issue of pain must not be avoided. Children need 
to be reassured that everything possible will be done to 
minimize pain on awakening. Therefore it should be 
stressed that pain medications will be administered and 
that local infiltration nerve blocks, continuous epidural 
or caudal infusions, child-controlled epidural analgesia, 
or patient/parent/nurse-controlled analgesia will be used 
(see also Chapters 92 and 98). The PACU or ICU must also 
be described to ensure that no surprises occur.

THE FEARFUL CHILD

Because of either a past experience or a general lack of 
understanding, some children are terrified to come to the 
operating room. When a child breaks into tears and if the 
child is old enough to talk with, then the anesthesiolo-
gist should stop whatever is happening at the moment, 
sit on the bed next to the child, and ask what exactly is 
concerning them. Sometimes the child does not respond. 
In this situation, such children should be asked if they are 
afraid to go to sleep, afraid of feeling their “operation,” or 
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afraid of pain afterward. Generally, they are able to ver-
balize their concern; however, even with no response, at 
this point the anesthesiologist should reiterate that “the 
sleep from anesthesia is different from sleep at home. At home, 
if mom or dad shakes you, you would wake up. In the operat-
ing room, no matter what we do, you will not feel it, you will 
not remember it, and then at the end I will take the medicine 
away. You will breathe it all back out again, and then you will 
wake up and return to your family.”

This explanation usually ends the tears. Sometimes the 
tears flow because they want a parent present for induc-
tion, even some of the older children. This request is easy 
to grant, and it also usually ends the tears. If, on the other 
hand, a specific event in the past is causing concern, then 
determining whether something was misunderstood or 
whether something can be carried out differently to avoid 
the issue is important. For some children with previous 
anesthetic experience, simply allowing them to hold 
the anesthesia mask themselves provides them with suf-
ficient control of the situation to stop the tears. I once 
had a 7 year old who wrote a will: “Leave my doll to.... 
Leave my blanket to....” When I asked what this was all 
about, she responded that she was “going to sleep today and 
that sometimes when people go to sleep they do not wake up.” 
Because she had suffered a burn injury and need many 
procedures, I explained to her that, yes, people can go to 
sleep and not wake up, but usually that happened to an 
older person with a problem with the heart or the brain 
and that I had not seen this in someone her age having 
this operation. I asked her if she would feel better if she 
held the mask herself, and she, in fact, held the mask 
for a smooth anesthetic induction. In recovery, she later 
thanked me as “the first doctor that ever explained anything 
to me!” This brief anecdotal experience emphasizes the 
importance of directly talking to children, regardless of 
their age. Finally, other children cannot be consoled, and 
finding the source of their concern is not always possible. 
It is these children who will benefit from heavy premedi-
cation, such as the combined oral midazolam, ketamine, 
and atropine (see earlier discussions).

FASTING

No difference is observed in gastric residual volume or pH 
in children allowed to ingest unlimited clear liquids (e.g., 
water, apple juice) up until 2 to 3 hours before anesthetic 
induction versus standard fasting. Being able to drink 
appropriate fluids is a more humane approach for both 
children and their parents without increasing the risk 
for pulmonary aspiration of gastric contents. Infants and 
young children have a higher metabolic rate and a larger 
body surface area-to-weight ratio than adults and more 
easily become dehydrated than adults. The major advan-
tage of the liberalized fasting guidelines may be a reduced 
incidence of hypovolemia at the time of anesthesia 
induction. This author’s approach is to restrict milk and 
solids after midnight but allow unlimited clear fluids up 
to 3 hours before induction; even if the surgical schedule 
changes, this author still feels comfortable with 2 hours of 
fasting (Table 93-6). Infants who are breast-fed may have 
their last breast milk 4 hours before induction of anes-
thesia. Breast milk should be considered equivalent to 
formula because the fat content varies with maternal diet, 
and delayed gastric emptying may result. The American 
Society of Anesthesiologists (ASA) guideline also allows a 
“light meal” of toast and clear liquids up to 6 hours before 
induction of anesthesia, but parents frequently confuse 
this guideline to mean any type of meal, including eggs 
and bacon!111

PREMEDICATION

Almost all sedatives are effective. The important issue 
is local effectiveness at a given institution. The need for 
premedication must be individualized according to the 
underlying medical conditions, the length of surgery, 
the desired induction of anesthesia, and the psychologic 
makeup of the child and family. Premedication is not 
normally necessary for the average 6-month-old infant 
but is warranted for a 10- to 12-month-old who is afraid 
to be separated from his or her parents. Oral midazolam is 
the most commonly administered premedication in the 
United States. An oral dose of 0.25 to 0.33 mg/kg (maxi-
mum, 20 mg) generally results in a very compliant child 
who will separate from parents without crying65 (also 
see Chapter 38). A review of previous anesthetic records 
is particularly helpful in ascertaining how the child has 
responded in the past.

Premedications may be administered orally, intramus-
cularly, intravenously, rectally, sublingually, or nasally. 
Although most of these routes of administration are effec-
tive and reliable, each one has its drawbacks. Oral or sub-
lingual premedication does not hurt but may have a slow 
onset or can be spit out; drug taste and child cooperation 
are the main determinants of success. Oral ketamine (4 to 
6 mg/kg) combined with atropine (0.02 mg/kg) and mid-
azolam (0.5 mg/kg, maximum of 20 mg) will result in a 
deeply sedated child. Intramuscular medications hurt and 
may result in a sterile abscess. Intravenous medications 
may be painful during injection or at the start of infu-
sion. Rectal medications sometimes make the child feel 
uncomfortable, cause defecation, and occasionally burn. 
Nasal medications can be irritating, although absorption 
is rapid. A midrange dose of intramuscular ketamine (2 
to 4 mg/kg) combined with atropine (0.02 mg/kg) and 
midazolam (0.05 mg/kg) is generally reserved for children 
who refuse oral premedication or those in whom lighter 
premedication regimens have failed in the past. Larger 
doses of intramuscular ketamine (up to 10 mg/kg) com-
bined with atropine and midazolam may be administered 

TABLE 93-6 PREOPERATIVE FASTING 
RECOMMENDATIONS IN INFANTS AND CHILDREN

Type Fasting Time (hrs)

Clear liquids* 2
Breast milk 4
Infant formula 6†

Solid (fatty or fried) foods 8

*Includes only fluids without pulp; clear tea or coffee without milk 
 products.

†The American Society of Anesthesiologists guideline allows a “light 
breakfast” (tea and plain toast) 6 hours before anesthesia; however, 
determining what a “light breakfast” means for a child is difficult.



to children with anticipated difficult venous access or 
in whom an intravenous line is necessary for induction 
(e.g., infants with congenital heart disease) to provide 
better conditions for the insertion of an intravenous line.

Anticholinergic drugs are not routinely administered 
intramuscularly to children because they are painful on 
administration and do not significantly reduce laryngeal 
reflexes during induction of anesthesia.

THE CHILD WITH AN UPPER RESPIRATORY 
INFECTION

A child with a URI is a major concern because the anes-
thetic implications can be quite important. Unfortunately, 
data regarding URIs and the anesthetic implications are 
difficult to ascertain for many reasons, including the defi-
nition of what a URI is, which varies from study to study. 
The decision whether to proceed with surgery and anes-
thesia is dependent on a number of factors. The URI may 
represent a prodrome of a much more serious illness, or 
it may simply be the usual viral infection so common in 
children, particularly in the wintertime. A child with a 
URI likely has an irritable airway and is at increased risk 
for laryngospasm, bronchospasm, postintubation croup, 
atelectasis, pneumonia, and episodes of desaturation. The 
incidence of airway-related problems in children who are 
passively exposed to tobacco smoke is increased.112-115 
These complications can be reduced by avoiding tracheal 
intubation or using a supraglottic device such as an LMA. 
However, the incidence of adverse airway-related events 
is not reduced by the administration of anticholinergics 
or bronchodilators.116,117 Because bronchial hyperreactiv-
ity may last for up to 6 weeks after a URI, cancellation 
will make a difference only if surgery is delayed for this 
length of time or longer.118,119 The same incidence of air-
way-associated complications occur in children who are 
recovering from a URI as for those in the acute phases of 
a URI.112,119,120 If the child is acutely ill and obviously get-
ting worse, then the procedure should probably be can-
celed. If the child has rhonchi and a productive cough, 
then the procedure is canceled. If the child is stable and 
afebrile and has had the URI for several days, then this 
author usually proceeds. The main concern is a child who 
is going to have a very long procedure or will be admitted 
to the hospital postoperatively, which may in turn result 
in exposure of other hospitalized children who may be 
immunocompromised. When faced with this dilemma for 
a child who will be going home postoperatively, the fam-
ily and the surgeon should be informed of the increased 
risks; they generally make the decision to proceed. Tools 
are available to manage the reasonably common compli-
cations successfully. Oxygen is used to treat hypoxemia, 
albuterol and inhaled anesthetics can treat bronchospasm, 
muscle relaxants are available to treat laryngospasm, and 
usually a way is found to avoid intubation of the trachea 
for simple procedures. Cancellation of a procedure at the 
last minute is unfair to the family and upsets the surgical 
unit schedule. On the other hand, one should not place 
the child at risk merely for economic or social concerns. 
The best way to avoid last-minute cancellations is a tele-
phone call by the nursing staff the day before to inquire 
about the child’s health. If the child has a URI, then the 
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nesthesiologist can call the family and take a history to 
etermine how best to proceed. In this way, wasted trips 
 the hospital are avoided and the father or mother, or 

oth, do not unnecessarily take off a day of work. Physi-
ians are really left to their own best clinical judgment for 
n individual child on a particular day undergoing a spe-
ific procedure. If the decision is made to proceed, then 
riting a note in the chart documenting the discussion is 
elpful and recommended.

DUCTION OF ANESTHESIA

he method of inducing anesthesia is determined by a 
umber of factors: the medical condition of the child, the 
urgical procedure, the level of anxiety of the child, the 
hild’s ability to cooperate and communicate (because of 
ge, developmental delay, or language barrier), and the 
resence or absence of a full stomach, among others.

fants
duction of anesthesia via a mask without premedica-

on is generally used in infants younger than 10 to 12 
onths because this age group readily separates from 
eir parents. Induction via a mask is accomplished most 

asily by holding the end of the anesthesia circuit in a 
upped hand over the infant’s face or by holding the 
ask just off the surface of the face; the other hand can 

djust the concentration of anesthetic. Allowing neo-
ates and small infants to suck on a rubber nipple or on a 
loved finger generally prevents crying during the induc-
on of anesthesia. As the infant loses consciousness, 
e anesthesia mask is adjusted to improve delivery and 

ecrease operating room pollution. This phase is the most 
angerous time because misjudging the depth of anesthe-
ia and depressing the heart are very easy. Once anesthe-
ia has been induced, it is critical to reduce the inspired 
oncentration of halothane (down to 1.0% to 1.5%) or 
evoflurane (down to 3% to 4%) and maintained at this 
vel or less until an intravenous line is in place. After the 
travenous line is inserted, the plane of anesthesia may 

e deepened or a muscle relaxant may be added. Directly 
roceeding to a deep plane of anesthesia without having 
n intravenous line in place is dangerous; without this 
recaution, resuscitation would be difficult.

The second most dangerous point occurs immediately 
fter tracheal intubation. If the vaporizer has not been 
losed before laryngoscopy, then forgetting that a rela-
vely high inspired concentration is being delivered and 
erhaps giving an overdose of inhaled anesthetic while 
hecking for breath sounds are both easy. Therefore the 
rudent clinician will discontinue all anesthetics until 
ryngoscopy and tracheal intubation have been com-
leted. With a Mapleson D circuit, a high concentration of 
nesthetic can more easily be delivered because the anes-
etic enters directly at the airway. In contrast, changes 
ade at the vaporizer of a circle system take a longer 
me to achieve equilibration with the circuit; therefore 
e inspired concentration of anesthetic more gradually 
creases (or decreases) unless a high fresh gas flow is being 

sed. Particular caution should be used when changing 
om halothane or sevoflurane to isoflurane because the 
yocardial depressant effects of these drugs are additive.
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Older Pediatric Patients
Successful, psychologically atraumatic induction of anes-
thesia by mask in an older child requires that the child 
understand and cooperate. Premedication is particularly 
helpful in the 1- to 4-year-old age group. Several different 
techniques may be used. One method is to play a game. For 
example, a younger child may be asked to “blow up the bal-
loon.” A slightly older child (4 years of age and older) may 
be receptive to hypnotic suggestions during induction. A 
young child may be susceptible to a suggestion that the 
anesthesia mask is an “airplane pilot’s mask” and that the 
smell of halothane or sevoflurane is “oxygen” or “aviation 
fuel.” Stating that the “faster and higher the plane goes, the 
stronger the aviation fuel will smell” is one means of distract-
ing the child. During this type of induction, the operating 
room must be free of distractions, and the anesthesiolo-
gist must be able to communicate with the child. The use 
of constant conversation and incremental increases in the 
inspired concentration of anesthetic every third or fourth 
breath usually produce a smooth transition to general 
anesthesia. In many places, a “play therapist” has edu-
cated the child about what to expect and may even have 
a video game to distract him or her during the induction 
of anesthesia. If so, then another person must hold the 
video game so that it does not strike the child in the face 
as she or he falls asleep. Often the child will breath hold. If 
so, then the anesthesiologist should not attempt to assist 
respirations because this action often elicits coughing or 
laryngospasm. The anesthesiologist must be certain that 
airway obstruction and laryngospasm can be differenti-
ated from breath holding. Observing the chest wall and 
abdomen helps identify airway obstruction, which cre-
ates a rocking-type movement of the chest and abdomen 
(when the diaphragm descends, the abdomen appears to 
expand but the chest does not). As soon as the child loses 
consciousness, the inspired concentration of anesthetic 
can be reduced and an intravenous line can be inserted. 
Should partial laryngospasm or upper airway obstruction 
occur, closing the pop-off valve to create approximately 
5 to 10 cm water (H2O) of PEEP, while allowing the child 
to breathe spontaneously, often facilitates gas exchange. 
If this procedure is not effective, then administration of 
rapid positive-pressure breaths, while avoiding inflation 
of the stomach, often disrupts the laryngospasm. Obvi-
ously, administration of a muscle relaxant will also break 
the laryngospasm; succinylcholine remains the agent of 
choice in an emergency situation.

A third method of induction involves the use of fla-
vored masks. A variety of flavored scents and lip balms are 
available to reduce the noxious smell of anesthetics; the 
child can select a favorite scent.

A fourth method, the single-breath technique, requires 
a very cooperative child who can follow instructions. 
Using an unattached anesthesia mask, the anesthesiolo-
gist should demonstrate the procedure to the child, who 
then rehearses the following steps: (1) take a big breath in 
and hold at full inspiration; (2) exhale completely, hold at 
full expiration, and place the mask on the child’s face at 
exactly the end of expiration; (3) take another full inspi-
ration, hold as long as possible; (4) and then resume nor-
mal breathing. Before induction, the anesthesia circuit is 
filled with either 5% halothane or 8% sevoflurane in 60% 
nitrous oxide. The circuit bag must be emptied and filled 
several times so that the entire circuit is filled with 5% 
halothane or 8% sevoflurane. Steps 1 through 4 are then 
repeated with the mask attached to the Y-piece of the anes-
thesia circuit. When placing the face mask, care should be 
taken to not direct the gas toward the eyes (flutters the 
eyelashes), which can frighten the child. If the child fully 
cooperates, then this method generally produces loss of 
the eyelid reflex in less than 1 minute. Occasionally, a 
child does not take a full breath or becomes frightened, 
or the application of the face mask is not complete. If 
the child is partially anesthetized, then induction takes 
slightly longer, but the child does not usually remember 
the induction. If the child panics before inhalation of 
anesthetic, then induction should not be forced, and an 
alternative plan should be undertaken.

Parents in the Operating Room
It is very common for parents to request to be present dur-
ing induction of anesthesia. This author welcomes their 
participation in this process (usually limited to one parent) 
because on some occasions, the security of having a parent 
present and avoiding separation allows the anesthesiolo-
gist to omit premedication. Parental presence should not be 
substituted for premedication if the child needs premedication. 
In other situations, parental presence sufficiently reduces 
anxiety so that light premedication is adequate. Decisions 
regarding parental presence must, however, take into con-
sideration the developmental level of the child and the 
reason for parental presence. It serves no purpose to have 
a parent present during induction of anesthesia in a new-
born or a 6-month-old infant who is completely trusting of 
strangers. Likewise, parental presence is unlikely to benefit 
a child who has been heavily premedicated. Certainly, par-
ents must not be present for rapid induction in the presence 
of a full stomach. Parents are present for the benefit of their 
child, and if the child does not benefit or if a parent makes 
the physicians uncomfortable, then he or she should not 
be present. The safety and care of the child are the priority. 
This author sometimes explains that their participation in 
this process is a privilege but not a right. Each physician and 
each institution must determine what works and what does 
not work for them. If this author makes a decision to allow 
a parent to be present, then explaining what they might see 
is vital to ensure no surprises. The explanation may include, 
“When anyone goes to sleep, their eyes roll upward,” which is a 
normal response; and the parent might see his or her child’s 
eyes do this a few times. The anesthesiologist should assure 
the parents that they should expect this and not to think 
that something is wrong. Next, the explanation should 
include the warning that as children fall asleep, “they often 
make noises from their throat” (e.g., snoring) and that this 
is also normal and that they might hear noises from their 
child’s throat as their child falls asleep. (The author does 
not explain that these noises might be airway obstruction 
or developing laryngospasm). Third, the author points out 
that the “brain often gets excited before it goes to sleep”; thus 
after their child breathes the anesthesia medicine for a brief 
period, it is common for the child to suddenly become rest-
less and to move the arms and legs or look from side to 
side. This response is expected, and, shortly afterward, the 
child will be completely anesthetized. Further, although 



the child appears to be awake, the parent is assured that the 
child will not remember any of these responses. Thus the 
eye rolling, possible airway obstruction, and excitement are 
all explained, and the parent is not frightened should any 
of these events occur. The author also makes certain that 
the parent is sitting in a chair and explains that as soon 
as their child looses consciousness, they should kiss their 
child and then leave the operating room so that anesthesia 
team can completely focus on the care of their child.

For smaller children, this author likes to anesthetize 
them on a parent’s lap. The child faces straight forward 
with the parent’s arms wrapped around the child, helping 
to hold the child’s arms near his or her side to reduce the 
potential for them to reach up and grab the mask. The 
author explains to the parent that he or she is going to 
be able to hug their child as he or she goes to sleep. I also 
explain that the child will become limp and could fall 
unless the parent holds on tight. Finally, as the child loses 
consciousness, the anesthesiologist will pick up the child 
and place him or her on the surgical table. The parent 
can then kiss the child and proceed to the family wait-
ing area. If a language barrier exists, then the author will 
ask a translator to help explain this process and allow the 
translator in the surgical unit to assist in the communica-
tion that is needed to perform an atraumatic mask induc-
tion. For these children, usually only a pulse oximeter is 
applied before induction.

Rectal Induction of Anesthesia
A number of medications may be rectally administered 
for induction and premedication of anesthesia, but this 
method is rarely used in current practice. The main 
advantage of this approach is that the child falls asleep 
in the parent’s arms or, as is the case with midazolam, 
atraumatically separates from the parents. This technique 
is no more intimidating than taking a rectal tempera-
ture but is generally reserved for children still in diapers. 
Care must be taken to not allow the child to see the rec-
tal catheter or syringe, which would appear very large to 
the child. Rectal administration of 10% methohexital (20 
to 30 mg/kg) reliably induces anesthesia within 8 to 10 
minutes in 85% of young children and toddlers. Oxygen 
desaturation is not usually a problem unless the child’s 
head is allowed to flex forward and cause obstruction of 
the airway. The main disadvantage of this technique is 
that drug absorption can be either significantly delayed 
or very rapid. Other drugs rectally administered include 
10% thiopental (20 to 30 mg/kg), midazolam (1 mg/kg up 
to 20 mg), and ketamine (6 mg/kg).

Intramuscular Induction of Anesthesia
Many medications, such as methohexital (10 mg/kg), 
ketamine (2 to 10 mg/kg combined with atropine [0.02 
mg/kg] and midazolam [0.5 mg/kg]), or midazolam alone 
(0.15 to 0.2 mg/kg), are intramuscularly administered 
for premedication or induction of anesthesia. The main 
advantage of this route of administration is its reliability; 
its main disadvantage is that it is painful.

Intravenous Induction of Anesthesia
Intravenous induction of anesthesia is the most reli-
able and rapid technique. The main disadvantage is that 
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starting an intravenous line can be painful and threat-
ening for the child. Intravenous induction may be pref-
erable when induction by mask is contraindicated (e.g., 
in the presence of a full stomach). Older children will 
often allow insertion of an intravenous catheter after the 
administration of 50% nitrous oxide and a local anes-
thetic; topical anesthetic creams (e.g., eutectic mixture 
of local anesthetics [EMLA] or ELA-Max) are also well 
received. Emphasizing to the child that this procedure 
will not be excessively painful is important. Occasionally, 
children will cry with the infiltration of a local anesthetic 
and become hysterical when they see the intravenous 
catheter. Two maneuvers help minimize this response: 
(1) Do not allow the child to see the catheter. (2) Punc-
ture the anesthetized area with a needle, ask the child to 
look at the needle, and then ask if there is any sensation. 
Frequently the child is astounded at the lack of pain and 
stops crying.

PEDIATRIC AIRWAY MANAGEMENT

Endotracheal Tubes
For most children, the proper size of endotracheal tube 
and the proper distance of insertion relative to the alveo-
lar ridge are moderately constant (also see Chapter 55). 
Published formulas are estimates that may need to be 
modified, based on physical examination or unusual 
child size. Table 93-7 provides a guide for selecting the 
proper size endotracheal tube and the recommended 
distance for insertion from the alveolar ridge. Uncuffed 
endotracheal tubes were traditionally preferred for chil-
dren younger than 6 years of age (see earlier discussion). 
A new cuffed endotracheal tube (see Figure 93-4) may 
offer specific advantages over traditional cuffed endotra-
cheal tubes. If a cuffed endotracheal tube is used, then 
a half-size smaller tube should be selected, rather than 
an uncuffed endotracheal tube, and cuff pressure should 
be adjusted to ensure that a small leak around the cuff 
is at a peak inflation pressure of 20 to 30 cm H2O. Cuff 
pressure should be periodically checked during anesthe-
sia involving nitrous oxide. If an uncuffed endotracheal 

TABLE 93-7 RECOMMENDED SIZES AND 
DISTANCE OF INSERTION OF ENDOTRACHEAL 
TUBES AND LARYNGOSCOPE BLADES FOR USE  
IN PEDIATRIC PATIENTS

Age of 
Patient

Internal 
Diameter of 
Endotracheal 
Tube (mm)

Recommended 
Size of 
Laryngoscope 
Straight Blade

Distance of 
Insertion* 
(cm)

Preterm 
(<1250 g)

2.5 uncuffed 0 6-7

Full term 3.0 uncuffed 0-1 8-10
3 mo - 1 yr 3.5-4.0 cuffed 1 11
2 yr 4.5-5.0 cuffed 1-1.5 12
6 yr 5.0-5.5 cuffed 1.5-2 15
10 yr 6.0-6.5 cuffed 2-3 17
18 yr 7.0-8.0 cuffed 3 19

*Inserting the endotracheal tube these distances from the alveolar ridge 
of the mandible or maxilla usually places the distal end of the tube in 
the midtrachea.
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I
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Assessment of Percent Airway Obstruction Using Leak Around
The Uncuffed Endotracheal Tube (Size ETT–mm ID)

Age ETT 2 2.5 3 3.5 4 4.5 5 5.5 6

9 months–
2 years

Figure 93-10. Method of determining the percentage of airway obstruction. After easy passage of an uncuffed endotracheal tube (ETT), a 
stethoscope is placed over the larynx and the circuit slowly pressurized. The pressure at which a leak is auscultated is matched with the age of 
the child and the size of the ETT to assess the degree of laryngeal narrowing. It should be noted that this chart is based on only one institution’s 
experience and that the manufacturer of the ETTs was not described; therefore the actual external diameter of the ETTs used is unknown. ID, 
Internal diameter. (Reproduced and modified with permission from Myer CM 3rd, O’Connor DM, Cotton RT: Proposed grading system for subglottic 
stenosis based on endotracheal tube sizes, Ann Otol Rhinol Laryngol 103:319-323, 1994.)
tube is used, then the appropriate size allows a small gas 
leak at peak inflation pressures of 20 to 30 cm H2O. If an 
uncuffed endotracheal tube (or a cuffed tube without the 
cuff inflated) does not leak at 40 cm H2O, then the author 
will replace it with the next smaller size and recheck for 
a leak. Making this leak assessment to determine the 
size of the larynx is always important. On average in the 
author’s practice, several children per year have undiag-
nosed subglottic stenosis detected by the anesthesiologist 
at the time of intubation (Figure 93-10).

Laryngoscope Blades
Any hospital that cares for children must have a full selec-
tion of laryngoscope blades to ensure that the blade most 
appropriate for the child is readily available. In general, 
straight blades are used in neonates and toddlers because 
of anatomic differences from older children (see “The 
Pulmonary System” discussion); the Wis-Hippel 1.5 is 
a particularly versatile blade because its surface is flat. 
Older children can be managed with either curved or 
straight blades. In some children, a straight blade may 
offer advantages over curved blades because of midfacial 
hypoplasia or other anatomic deformity (see Table 93-7). 
A laryngoscope blade with built-in oxygen delivery is 
available in sizes 0 and 1 and offers specific advantage for 
awake or sedated intubation of neonates (Figure 93-11).

The Child With a Full Stomach
A child with a full stomach must be treated the same as 
an adult with a full stomach; that is, both should undergo 
rapid-sequence induction of anesthesia with the applica-
tion of cricoid pressure (also see Chapters 34 and 55). 
Because oxygen consumption is significantly greater, 
hemoglobin desaturation occurs more rapidly in a child 
than in an adult and more rapidly in an infant than in 
a child. Additionally, a child may be uncooperative and 
refuse to breathe oxygen (i.e., refuse preoxygenation) 
before induction of anesthesia. In this circumstance, the 
best that can be done is to enrich the environment with 
a high flow of oxygen because upsetting the child further 
is not desirable. Additional equipment that should be 
available includes two suction catheters (if one becomes 
blocked, another would be immediately available) and 
two appropriately sized laryngoscope blades (e.g., Macin-
tosh 2, Miller 2) with two handles (if the bulb, contact, 
or battery fails, another would be immediately available). 
While the child is breathing oxygen, atropine (0.02 mg/kg)  

Figure 93-11. The oxyscope (Heine Optotechnik, D-82211, Herrsch-
ing, Germany) is a Miller 1 laryngoscope blade with an insufflation 
channel along its length so that it may be attached to an oxygen 
source. An oxyscope provides increased fraction of inspired oxygen 
concentration (Fio2) and is particularly useful for intubation in a con-
scious neonate whose oxygen consumption is high and in whom 
desaturation rapidly may develop.
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TABLE 93-8 SUGGESTED EQUIPMENT FOR A DIFFICULT-AIRWAY CART

Equipment Category Recommended Equipment

Airways Oral and nasopharyngeal (trumpet) airways in all sizes for preterm infants to adults
Endotracheal tubes Cuffed and uncuffed endotracheal tubes of various sizes (uncuffed down to size 2 mm ID)
Stylets Stylets in several sizes
Laryngoscopy Laryngoscope blades in multiple sizes and configurations

Several handles and extra batteries
Oxyscope (Heine Optotechnik, D-82211, Herrsching, Germany)

Laryngeal mask airways (LMAs) All sizes (1 to 6) of ProSeal LMAs for patients with a full stomach or for those who require higher peak 
inflation pressure for successful ventilation

Large-volume syringes for the larger masks
Fiberoptic intubation Several sizes of fiberoptic scopes, including one that will fit through a 2.5-mm ID endotracheal tube

Light source
Teeth protectors
Oral airways designed for fiberoptic intubation
Silicone lubricant

Retrograde equipment Retrograde intubation equipment (needle with guide wire)
Optical stylet or 

videolaryngoscope*
Optical stylet or videolaryngoscope in a variety of sizes, including one that will fit through a 2.5-mm 

ID endotracheal tube (Storz, Karl Storz GmbH & Co. KG, Tuttlingen, Germany) or a 3.0-mm ID 
endotracheal tube (Shikani, Clarus Medical, Minneapolis, Minn.) or a GlideScope Videolaryngoscope 
(Verathon Inc., Bothell, Wash.)

Endotracheal tube exchangers Endotracheal tube exchangers in various sizes for the full array of pediatric patients
Cricothyrotomy equipment Percutaneous cricothyrotomy kits designed for older and larger children (e.g., needles, guide wire, dilator)

Jet ventilation–type device, which is similar to an intravenous catheter (18, 14, and 13 gauge) and is 
useful in infants

Jet ventilation equipment Jet ventilation stylets and jet injector with an appropriate hookup for wall oxygen
Carbon dioxide detector For use in nonsurgical venues

ID, Internal diameter.
*Many devices are available and the mention of these devices should not be taken as an endorsement.
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is intravenously administered to prevent reflex- or succi-
nylcholine-induced bradycardia and to delay the brady-
cardia of hypoxemia should any of these events occur. 
Because of its rapid onset of neuromuscular blockade, 
succinylcholine is still the muscle relaxant of choice in 
this circumstance and should be administered at a dose 
of 1 to 2 mg/kg immediately after thiopental (5 to 6 
mg/kg) or propofol (3 mg/kg). Cricoid pressure is gen-
tly applied after the child loses consciousness. Children 
should be told that they may “feel someone touching you 
on the neck” as they fall asleep and that this is “normal.” 
In children, the head-up position does not significantly 
increase protection from pulmonary aspiration of acid 
gastric contents. If succinylcholine is contraindicated, 
then rocuronium (1.2 mg/kg) will provide conditions 
for intubation similar to those provided with succinyl-
choline within 30 seconds of administration.89 However, 
the duration of neuromuscular blockade will be 45 to 75 
minutes (also see earlier discussion of rocuronium and 
Chapter 34). In the hypovolemic child, ketamine (2 mg/
kg) may be used for induction, whereas etomidate (0.2 to 
0.3 mg/kg) may be a better choice in a child with hemo-
dynamic instability (e.g., cardiomyopathy).

Difficult Airway
The terminology difficult airway refers to certain situa-
tions or conditions during which maintaining a patent 
airway may be so technically difficult that hypoxia or dif-
ficulty with endotracheal tube placement may occur. The 
approach to a difficult airway depends, in part, on whether 
the difficult airway is known and previous records are avail-
able for review or whether the child has an unexpectedly 
ifficult airway. In the former situation, a difficult-airway 
art with age- and size-appropriate airway equipment 
Table 93-8) is brought into the operating room, and the 
ssistance of a colleague with pediatric airway skills is 
rranged. In the latter situation, the difficult-airway cart 
ay need to be urgently brought into the operating room 

nd skilled help summoned. The most common errors that 
his author has observed in several malpractice cases are 
he lack of equipment or inappropriately sized equipment, 
nadequate skilled help, the failure or delay in calling for 
elp, and the failure of the anesthesiologist to attempt cri-
othyrotomy early enough. Accordingly, the importance 
f having a dedicated pediatric difficult-airway cart, the 
eed to be familiar with its contents and how to use the 
evices that it contains, and the availability of skilled help 
re essential.

A child facing a potentially difficult laryngoscopic 
rocedure should receive, at most, light sedation before 

nduction of anesthesia by mask to maintain spontaneous 
espirations. In this way the airway can be secured before 
burning bridges” by administering a muscle relaxant and 
osing the help of spontaneous respirations. With the child 
pontaneously breathing, breath sounds can be used to 
uide successful tracheal intubation. When normal airway 
natomy cannot be visually confirmed, placing a stylet in 
he tracheal tube and acutely bending the tip of the tra-
heal tube (90-degree bend) allows the placement of the 
ip of the tracheal tube in the midline just posterior to the 
piglottis (Figure 93-12, A). One can then listen for breath 
ounds exiting from the end of the tracheal tube; once 
ood air exchange is heard, the tracheal tube is advanced 
ff the stylet (not inserted with the stylet) (Figure 93-12, B). 
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This technique allows advancement of the tracheal tube at 
an acute angle without causing trauma to anatomic struc-
tures. If the child is not spontaneously breathing, then this 
advantage may be lost. Spontaneous respiration with a face 
mask designed to allow fiberoptic intubation is another 
approach (Frie endoscopy mask, VBM Medical, Nobles-
ville, Ind. 46060). Having a skilled assistant pull the tongue 
forward out of the mouth with a dry gauze, plastic retrac-
tor, or full suction applied to the tip of the tongue will also 
aid visualization of the glottic opening (Figure 93-13).121

Fiberoptic intubation of the trachea via an LMA requires 
the use of two tracheal tubes threaded on the fiberoptic 
scope (the second to hold the first in position while remov-
ing the LMA). The LMA is perhaps the most important 
adjunct to airway management because it can establish a 
patent airway before the airway is secured more definitively 

A

B

Figure 93-12. In patients with midfacial hypoplasia or in those in a 
cervical collar, making a nearly 90-degree bend around the base of 
the tongue to enter the larynx is necessary. If one inserts a stylet into 
an endotracheal tube with a 90-degree bend (A), listens for breath 
sounds emerging from the proximal end of the endotracheal tube, 
and threads the endotracheal tube off the stylet (not advancing the 
stylet) when good breath sounds are heard, then the tube will make 
the bend around the base of the tongue and pass into the trachea (B).
with a tracheal tube or a cricothyrotomy (Table 93-9). In 
neonates with difficult airways such as those with Gold-
enhar, Treacher Collins, or Pierre Robin syndrome, topi-
calization of the airway with lidocaine (1% nebulized to 
avoid excessive doses) with the patient awake, followed by 
the placement of an LMA is very helpful in guiding awake-
sedated fiberoptic intubation. A skilled assistant who can 
hold the head in the proper position and assist is critical 
to the success of most of these approaches to a difficult air-
way. In children, the ProSeal LMA will allow ventilation at 
significantly higher peak inflation pressures (∼25 cm H2O) 
than possible with the classic LMA (∼15 cm H2O); thus this 
device may be preferable in a difficult airway situation, 
especially since the stomach can be suctioned.122 Another 
useful adjunct is the air-Q laryngeal mask airway (Mercury 
Medical, Clearwater, Fla.) when used as a conduit for fiber-
optic intubation. It has a wide airway tube that accommo-
dates cuffed tracheal tubes and has a shorter length that 
facilitates the removal of the LMA after successful fiberop-
tic intubation. One should always check before insertion 
that the selected tracheal cuffed tube will pass through this 
device. A special tracheal tube introducer in three pediatric 
sizes is used to hold the tracheal tube in position while the 
LMA is removed (Figure 93-14). Many other new airway 

Figure 93-13. In this child with facial burn and severely restricted 
mouth opening, suction was applied to the tip of the tongue to facili-
tate pulling it forward to improve glottic visualization. This technique 
is particularly useful when the tongue is slippery, attributable to secre-
tions or if the mouth opening is small and prevents direct grasping of 
the tongue with a dry gauze. (Reproduced with permission from Coté CJ, 
Lerman J, Anderson BJ, editors: A practice of anesthesia for infants and 
children, ed 5, Philadelphia, 2013, Saunders.)

TABLE 93-9 LARYNGEAL MASK SIZE VERSUS 
PATIENT WEIGHT*

Laryngeal Mask Size Patient Weight (kg)

1 ≤5
1.5 5-10
2 10-20
2.5 20-30
3 30-50
4 50-70
5 70-100
6 >100

*Manufacturer’s recommendations (LMA North America).



adjuncts are available, such as the Storz video laryngo-
scope (Karl Storz GbmH, Tuttlingen, Germany), the Gli-
deScope (Verathon, Bothell, Wash.), MultiView scope 
(Medical Products International, Tokyo), Airtraq optical 
laryngoscope (Prodol Meditec, S.A., Vizcaya, Spain), and 
others too numerous to detail in this chapter.

If the child should progress to a “cannot ventilate, can-
not intubate” situation, then a surgical airway must be 
established. The child should be positioned with a roll of 
towels under the shoulders to force the larynx anteriorly so 
that the best access to the larynx and trachea is provided. A 
variety of cricothyrotomy devices should be available; some 
are appropriate for infants, whereas others are appropriate 
only for older children and teenagers. Devices appropriate 
for older children include some using the Seldinger tech-
nique (cricothyroid puncture, passing a guide wire, skin 
incision, then passing a dilator-catheter over the wire) (e.g., 
Arndt and Melker kits, Cook Medical, Bloomington, Ind.) 
or use of an armored transtracheal catheter (Cook Medi-
cal). Intravenous catheters are the simplest cricothyrotomy 
devices that can be used in children of all ages, including 
infants, and can then be interfaced with the 15-mm con-
nector of a 3-mm internal diameter (ID) tracheal tube.123 
The author believes a preformed device designed exactly 
like an intravenous catheter but with a built-in 15-mm 
connector and lateral side holes is the most useful. This 
device comes in three sizes (16, 14, and 13 gauge) and also 
has a Luer-Lok connection to allow transtracheal jet venti-
lation (Figure 93-15) (Ventilation-Catheter, VBM Medical, 
Noblesville, Ind.). Other emergency airway devices include 
a styletted tracheal tube changer (used as a bougie) that 
has both 15-mm and Luer-Lok adapters (Cook Medical, 
Bloomington, Ind.) (Figure 93-16). A simple method for 
administering oxygen to the Luer-Lok without the high 
pressure of a jet ventilator is to use standard oxygen tubing 
with a hole cut in the side; occlusion and unocclusion of 
the hole will direct oxygen (0.5 L/min and adjusted up as 
needed) through the catheter. Whenever such a technique 
is applied, the catheter must be correctly positioned within 

Figure 93-14. The air-Q laryngeal mask airway is short and has a 
large airway conduit to facilitate fiberoptic intubation. A tube intro-
ducer is used to maintain advancing pressure on the tracheal tube as 
the LMA is removed. (Reproduced with permission from Coté CJ, Lerman 
J, Anderson BJ, editors: A practice of anesthesia for infants and children, 
ed 5, Philadelphia, 2013, Saunders.)
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the trachea to avoid barotrauma and the chest must deflate 
between breaths. A review of emergency airway devices is 
available elsewhere.124

The Child With Stridor
A child with intrathoracic airway obstruction has expira-
tory stridor and prolonged expiration (e.g., bronchiolitis, 
asthma, intrathoracic foreign body). In contrast, a child 
with extrathoracic upper airway obstruction has inspira-
tory stridor (e.g., epiglottitis, laryngotracheobronchitis, 
laryngeal, subglottic foreign body). When agitated or 

Figure 93-15. This preformed device is designed for transtracheal 
ventilation and provides one of the best systems for emergency airway 
management in a child with a “cannot ventilate, cannot intubate” air-
way situation (Ventilation-Catheter, VBM Medical, Noblesville, Ind.). 
The design is similar to that of an intravenous catheter but with lateral 
side holes, which means that the principles for use are familiar to all 
anesthesiologists, and the device is small enough to allow use even in 
neonates. In addition to a secure 15-mm adapter for interface with any 
standard bag ventilation device, a Luer-Lok connection allows jet ven-
tilation. Three sizes are available: 16 gauge (infant), 14 gauge (child), 
and 13 gauge (adult). An initial fresh gas flow of 0.5 L/min is recom-
mended and then adjusted up as needed once chest expansion and 
exhalation (deflation) are confirmed.

Figure 93-16. Tracheal tube exchangers are available that have side 
holes at the tip that allow delivery of oxygen and may be attached 
to either a jet ventilation system or standard adaptors with a 22-mm 
outside diameter. This device is also available with a stylet and slight 
bend to be used as an intubation bougie.
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crying, such children exhibit dynamic collapse of the air-
way (Figure 93-17), which can significantly worsen airway 
obstruction and lead to respiratory failure and hypox-
emia. Therefore events that can upset the child such as 
drawing of blood for analysis of gases, venipuncture for 
blood tests, and separation from parents, must be mini-
mized. The difficult-airway cart should also be present. 
The surgical team should be mobilized and prepared to 
perform an emergency tracheotomy should total airway 
obstruction occur and mask ventilation or tracheal intu-
bation not be possible.

This author has found the following procedure to be 
effective for inducing anesthesia in a child with stridor. 
To minimize upsetting the child, the child is brought to 
the operating room with the mother or father, who holds 
the child during induction (preferably lying down in a 
semi-upright position). Induction of anesthesia with hal-
othane or sevoflurane in oxygen by mask is the preferred 
method because maintaining spontaneous respirations 
is critical. As soon as the child loses consciousness, the 
child is gently moved off the parent’s chest to the operat-
ing room table and the parent is escorted out of the unit. 
With the child lightly anesthetized and after infiltration 
of local anesthetic, an intravenous line is inserted. This 
allows withdrawal of blood samples if indicated. Intra-
venous hydration is begun with lactated Ringer solution 
(20 to 40 mL/kg), and atropine (0.02 mg/kg) or glyco-
pyrrolate (0.01 mg/kg) is given. At this point, the plane 
of anesthesia can be deepened with greater safety. If the 
stridor worsens or mild laryngospasm occurs, then the 

Vocal cords

Obstruction
(croup)

Thoracic inlet

Figure 93-17. Infants and young children have highly compliant air-
way structures. With normal respiration, some dynamic collapse of 
the extrathoracic upper airway occurs (broken line). When a child has 
upper airway obstruction, as in epiglottitis, laryngotracheobronchitis, 
or extrathoracic foreign body (dark brown), and struggles to breathe 
against this obstruction, dynamic collapse of the trachea increases. 
This increase in dynamic collapse (dotted line) augments the mechani-
cal obstruction of the airway. Therefore until the airway is secured, 
avoiding procedures that will upset the child is important. (Modified 
from Coté CJ, Lerman J, Anderson BJ, editors: A practice of anesthesia for 
infants and children, ed 5, Philadelphia, 2013, Saunders.)
pop-off valve is sufficiently closed to develop 10 to 15 cm 
H2O of PEEP. This procedure relieves most instances of 
airway obstruction caused by dynamic collapse of the 
airway and loss of pharyngeal muscle tone when the 
child attempts to inspire against an obstructed airway 
(Figure 93-18). As the level of anesthesia deepens, gentle 
assistance with ventilation may be necessary; however, 
maintaining spontaneous respiratory effort is important 
if possible.

Any child with airway obstruction will have a long, 
slow induction of anesthesia before becoming suffi-
ciently anesthetized to permit laryngoscopy and tra-
cheal intubation. Because a sevoflurane vaporizer allows 
only ∼2.5 MAC to be delivered, whereas a halothane 
vaporizer allows nearly 6 MAC, halothane would be the 
author’s drug of choice in this circumstance (if avail-
able). In addition, the slower excretion of halothane 
than of sevoflurane would also provide better conditions 
for airway manipulation for a longer time. The issue of a 
full stomach is secondary to the airway problem. Rapid 
induction of anesthesia and paralysis is contra-
indicated in these children. A child with laryngo-
tracheobronchitis or epiglottitis usually requires an 
uncuffed tracheal tube that is 0.5 to 1.0 mm ID smaller 
than normal (see Table 93-7); the use of a stylet facili-
tates its insertion. (Management of a difficult airway is 
also discussed in Chapter 55).

INTRAVENOUS FLUID AND TRANSFUSION 
THERAPY

Intravenous Fluids
The approach to intravenous fluid therapy in children 
must consider their high metabolic demands and high 
ratio of body surface area to weight (also see Chapter 59). 
The basis for calculating maintenance fluids derives from 
data by Holliday and Segar,125 who found that daily fluid 
requirements directly depend on metabolic demand—
specifically, that 100 mL of water is required for each 
100 calories of expended energy. Relating this to weight 
produces hourly fluid requirements of 4 mL/kg for chil-
dren up to 10 kg, an additional 2 mL/kg for each kilo-
gram above 10 kg up to 20 kg, and an additional 1 mL/kg 
for each kilogram above 20 kg (Table 93-10) (4-2-1 rule). 
Thus a 25-kg child would require 65 mL/hr:

 (10 × 4) + (10 × 2) + (5 × 1) = 65 mL 

This amount does not include fluid deficits, third-space 
losses, modifications because of hypothermia or hyper-
thermia, or requirements caused by unusual metabolic 
demands. Third-space losses are replenished according to 
the surgical procedure and may vary from 1 mL/kg/hr for 
a minor surgical procedure to as much as 15 mL/kg/hr for 
major abdominal procedures (e.g., surgical repair of gas-
troschisis). The original Holliday and Segar approach was 
revisited, and it was concluded that their original formula 
would be problematic for children who are acutely ill or 
for those with significant cardiac or renal dysfunction. 
They now recommend a simpler and likely more accurate 
method of fluid management, which is to administer 20 to 
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Figure 93-18. When a child has 
upper airway obstruction caused by 
laryngospasm (A) (top) or mechani-
cal obstruction (B), application of 
approximately 10 to 15 cm H2O 
of positive end-expiratory pressure 
(PEEP) (arrows) during spontaneous 
breathing often relieves the obstruc-
tion. PEEP helps keep the vocal cords 
separated (A) (bottom) and the air-
way open (B) (broken lines). If this 
simple maneuver does not relieve 
the obstruction, then more vigorous 
positive-pressure ventilation may be 
necessary. Airway obstruction caused 
by the tongue requires insertion of an 
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Thoracic inlet
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appropriately sized oral airway.
40 mL/kg of a balanced salt solution during the course of 
the anesthetic. Postoperative fluid management should 
be reduced to a 2, 1, 0.5 rule; that is, 2 mL/kg for the first  
10 kg, 1 mL/kg for the next 10 kg, and 0.5 mL/kg for each 
kg above 20 kg with an isotonic fluid.126-128 If after 12 
hours the child is unable to convert to oral intake, then 
a standard hypotonic solution (D5 0.45% saline) is initi-
ated at the 4-2-1 rule rate to avoid hypernatremia (see 
Table 93-10).

Because greater hypoxic brain damage occurs in ani-
mals with high blood glucose levels, the routine use of 
glucose-containing solutions, especially for brief surgical 
procedures, is no longer recommended. However, a con-
cern about unrecognized hypoglycemia was the motivat-
ing factor regarding the routine use of glucose-containing 
solutions in children, particularly in those who have 
not had food or fluids for a longer time than usual or 
for those who have diminished glycogen stores. Data are 
inadequate to eliminate glucose completely because the 
relevance of the animal data is not clear and the true inci-
dence of hypoglycemia is not known in all populations of 
food-restricted children. This issue is further complicated 
by the fact that different values are used to define hypo-
glycemia, depending on the child’s age.

If a child is thought to be at risk for hypoglycemia, 
5% dextrose in 0.45% normal saline should be adminis-
tered by piggyback infusion at maintenance rates. This 
minimizes the chance of a bolus administration of glu-
cose and satisfies the concern for unrecognized hypo-
glycemia or accidental hyperglycemia. The routine use 
of 5% dextrose or 5% dextrose in 0.45% normal saline 
as the initial replacement for fluid deficit, third-space 
losses, and blood loss is discouraged. For most children, 
lactated Ringer solution is the only fluid required. Chil-
dren receiving intravenous alimentation present a spe-
cial problem (also see Chapter 106). Transition to 10% 
glucose is often recommended to avoid intraoperative 
hyperglycemia with continuation of the current alimen-
tation fluid and to avoid hypoglycemia if it is suddenly 
stopped. However, this change to 10% glucose has not 
been adequately studied. The author reduces the estab-
lished intravenous alimentation fluid infusion rate by 
33% to 40% (to account for the reduced metabolic rate 
under anesthesia) and periodically checks blood glucose 
values for long procedures. This approach, then, does not 
waste the current alimentation fluid and involves only 
a simple change in infusion rate. Another population of 
children who require specific intravenous fluid manage-
ment consists of those with mitochondrial disease. In 
general, glucose-containing solutions are administered at 
maintenance rates, and lactate-containing solutions are 
avoided. Some children with mitochondrial disease have 
enormous glucose requirements that may necessitate the 
use of 10% glucose. Management of such patients must 
be individualized with their pediatrician.

Fluid management of term and preterm infants must 
take into account other variables. The amount of insensi-
ble water loss is inversely proportional to gestational age. 
The younger and more physically immature the infant, 

TABLE 93-10 CALCULATION OF MAINTENANCE 
FLUID REQUIREMENTS FOR PEDIATRIC PATIENTS*

Weight (kg)
First 12 Hours After 
Surgery (mL)† If No Oral Intake (mL)‡

<10 2 mL/kg 4 mL/kg
11-20 1 mL/kg 40 mL + 2 mL/kg for each 

kilogram above 10 kg
>20 0.5 mL/kg 60 mL + 1 mL/kg for each 

kilogram above 20 kg

*This approach avoids postoperative hypernatremia.
†Hourly fluid requirements for the first 12 hours after surgery.
‡Hourly fluid requirement for 12 hours after surgery if no oral intake 

occurs.
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the higher the skin permeability, the ratio of body surface 
area to weight, and the metabolic demand. In addition, 
the use of radiant warmers and phototherapy increases 
insensible water loss. On the other hand, preservation of 
body heat with warming devices reduces insensible water 
loss.

The fact that the neonatal kidney is unable to excrete 
large amounts of excess water or electrolytes must also be 
considered. As described earlier, the volume of extracellu-
lar fluid in a newborn is extremely large. During the first 
days of life, some of this excess water is excreted. There-
fore term newborns have reduced fluid requirements for 
the first week of life. The daily fluid requirements for a 
term newborn in the days after birth are estimated to be  
70 mL/kg on day 1, 80 mL/kg on day 3, 90 mL/kg on day 5, 
and 120 mL/kg on day 7. Daily fluid requirements would 
be slightly higher for preterm infants. Sodium and potas-
sium concentrations are usually kept at 2 to 3 mEq/100 
mL. Newborns are generally started on 10% glucose to 
prevent hypoglycemia. This fluid is continued for the first 
several days of life until glucose values are stable. Infants 
of diabetic mothers or infants whose mother was given 
large amounts of glucose just before delivery may require 
greater concentrations of glucose for protection against 
rebound hypoglycemia. Infants unable to tolerate oral 
feeding may continue to receive 10% glucose solutions 
and may even require peripheral or central alimentation. 
A number of infants have been transferred to the author’s 
institution with severe and potentially life-threatening 
hyperglycemia (i.e., blood glucose levels of 700 to 900 
mg/dL) as a result of overzealous use of this type of glu-
cose therapy. This solution should only be administered 
with a rate-limiting device and be used with caution if 
infants require surgery; every effort should be made to 
reduce bolus administration of glucose. Blood sugar lev-
els should be periodically monitored and the solution 
infused at only maintenance rates unless a glucose bolus 
is indicated.

Packed Red Blood Cells
Historically, the use of blood products in pediatric surgi-
cal patients has greatly diminished because of the fear of 
transmission of disease—particularly human immunode-
ficiency virus (HIV). Because HIV, hepatitis B virus (HBV), 
hepatitis C virus (HCV), and a number of other disease-
causing viruses can be transmitted with as little as 10 mL 
of packed red blood cells (PRBCs), the administration of 
any blood product requires clear, medically defensible 
clinical indications that are preferably recorded on the 
anesthetic record (also see Chapters 61 and 62). In the past 
10 years, transmission of disease has become an increas-
ingly rare event. The current estimated risk for transmis-
sion is 1 in 2,300,000 units for HIV, 1 in 250,000 units 
for HBV, and 1 in 1,800,000 units for HCV (see Chapter 
61). Although the safety of blood transfusions has signifi-
cantly increased, blood should still be given with precise 
and documented indications. It is still recommended for 
families to donate blood for their child or relative; in this 
situation the blood product should be irradiated to pre-
vent possible graft-versus-host disease.

When caring for children, the emphasis should be 
on blood volumes and portions of blood volumes lost, 
rather than units, because a unit of blood may consti-
tute several blood volumes in a preterm infant but only 
a fraction of the blood volume of a robust teenager. 
These considerations govern the calculation of the maxi-
mal allowable blood loss (MABL) resulting in an accept-
able hematocrit. MABL takes into account the effect of 
patient age, weight, and starting hematocrit on blood 
volume. In general, blood volume is approximately 100 
to 120 mL/kg for a preterm infant, 90 mL/kg for a full-
term infant, 70 to 80 mL/kg for a child 3 to 12 months 
old, and 70 mL/kg for a child older than 1 year of age. 
These volumes are merely estimates of blood volume. 
The individual child’s blood volume is calculated by sim-
ple proportion by multiplying the child’s weight by the 
estimated blood volume (EBV) per kilogram. Although 
several formulas are available, a simple relationship is 
easiest to remember:

 
MABL = EBV × (Starting hematocrit ‐ Target hematocrit)

Starting hematocrit  

Thus if a 3-year-old child weighs 15 kg and has a start-
ing hematocrit of 38% and if clinical judgment estimates 
the desired postoperative hematocrit to be 25%, then the 
calculation would be as follows:

 MABL = (15 × 70) × [(38 − 25) ÷ 38] = 1050 ÷ 38 = ∼ 360mL
 

The MABL would be replaced with 3 mL of lactated 
Ringer solution per milliliter of blood loss; that is, 3 mL 
of lactated Ringer solution times the 360 mL of blood 
loss equals approximately 1080 mL of lactated Ringer 
solution. If blood loss is less than or equal to the MABL 
and no further significant blood loss occurs or is antici-
pated in the postoperative period, then there is no need 
for transfusion of PRBCs. If, however, significant postop-
erative bleeding occurs or is anticipated, then a discus-
sion of potential transfusion needs with the surgeon is 
very important. Normally, a child who has had adequate 
replacement of intravascular volume deficits will toler-
ate anemia very well. There is sufficient time to make 
the decision to transfuse by observing postoperative 
urinary output, heart rate, respiratory rate, and overall 
cardiovascular stability. Unfortunately, no one formula 
permits a definitive decision. The development of lac-
tic acidosis is a late sign of inadequate oxygen- carrying 
capacity.

If the child has reached the MABL and significantly 
more blood loss is expected during surgery, then the 
child should receive PRBCs in sufficient quantity to 
maintain the hematocrit in the 20% to 25% range. The 
entire loss of red cell mass should not be replaced unless 
clinically indicated if these additional PRBCs would 
expose the child to additional units of blood products. 
Hematocrit values in the low 20% range are generally 
well tolerated by most children, the exception being 
preterm infants, term newborns, and children with 
cyanotic congenital heart disease or those with respi-
ratory failure in need of high oxygen-carrying capacity 
(also see Chapters 61 and 94). Because the incidence of 
apnea is high in neonates and preterm infants who have 
hematocrit values less than 30%, the minimal target 



hematocrit should be discussed with the surgeon and 
neonatologist.129 Older children with a history of sickle 
cell disease may require preoperative transfusion and 
should be managed in conjunction with their attend-
ing hematologist. As an example, the following simple 
formula may be used for intraoperative or postoperative 
estimation of the volume of PRBCs needed in a 15-kg 
child with a hematocrit (Hct) of 20%:

 

Volume of PRBCs to be transfused =
[Desired Hct (35) − Present Hct (20) × EBV (70mL/kg × 15kg)]

Hct of PRBCs(∼ 60%)  

 

(35 − 20) × (70 × 15)

60
= ∼ 262 mL PRBCs

 

Fresh Frozen Plasma
Fresh frozen plasma (FFP) is administered to replenish 
clotting factors lost during massive blood transfusion 
(usually defined as blood loss exceeding 1 blood volume), 
for disseminated intravascular coagulopathy, or for con-
genital clotting factor deficit. The anesthesiologist initi-
ates and guides therapy with FFP during massive blood 
loss, whereas the hematologist’s advice is sought when 
either of the other two conditions exists.

Children with known clotting factor deficits, such as 
those with massive thermal injury or coagulopathy, may 
require transfusion of FFP before blood loss exceeds 1 
blood volume. In contrast, healthy children who do not 
have coagulation factor deficits at the beginning of sur-
gery do not need FFP until blood loss exceeds 1 blood 
volume.130,131 Despite the loss of 1 blood volume, pro-
longation of the prothrombin time (PT) and the par-
tial thromboplastin time (PTT) will only be minor. This 
generalization applies to children given PRBCs; children 
given whole blood will not need FFP, even when blood 
loss exceeds several blood volumes.

Blood loss exceeding 1 to 1.5 blood volumes (replaced 
entirely with PRBCs and crystalloid, albumin, or other 
non–blood-related products) often necessitates a trans-
fusion of FFP. However, the decision to administer FFP 
should be based on observed coagulopathy or docu-
mented prolongation of the PT and PTT values. Obtain-
ing these test results from the laboratory often takes 
longer than desired. In this circumstance, a note should 
be written that blood loss has exceeded 1 blood volume 
and that abnormal oozing has occurred in the surgical 
field. A child should never be given FFP to correct bleed-
ing that is surgical in nature.

No studies on children have yet clearly defined what 
values of PT and PTT are associated with pathologic 
bleeding requiring a transfusion of FFP to replace clot-
ting factors. However, if the clotting factor deficit is 
associated with abnormal oozing, then a PT exceeding  
15 seconds (international normalized ratio [INR] >1.4) 
or a PTT greater than 60 seconds (>1.5 times baseline) 
warrants close observation. Usually an INR <2 does not 
warrant correction. If these abnormalities exist but ooz-
ing does not occur and the surgical field is relatively safe 
from the complications of hematoma formation, as in 
orthopedic surgery versus neurosurgery, then it seems 
appropriate to observe the child and withhold the trans-
fusion of FFP.
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The volume of FFP required to correct prolongation of 
the PT and PTT values depends on the severity of the clot-
ting factor deficit and the presence or absence of consump-
tive coagulopathy. In general, FFP therapy may require 
replacement of 30% or more of the child’s blood vol-
ume. Transfusion of FFP at rates exceeding 1 mL/kg/min  
is sometimes followed by severe ionized hypocalcemia 
and cardiac depression with hypotension, especially 
if FFP is administered during anesthesia with a potent 
inhaled anesthetic (Figure 93-19).132,133 Therefore exog-
enous calcium chloride (2.5 to 5 mg/kg) or calcium 
gluconate (7.5 to 15 mg/kg) should be administered, 
preferably through a separate IV, during rapid transfu-
sion of FFP.134 Ionized hypocalcemia occurs very fre-
quently in neonates given FFP, possibly because of their 
decreased ability to mobilize calcium and metabolize 
citrate. Children undergoing liver transplantation or 
those with compromised hepatic function or perfusion 
may also be at increased risk because of a decreased abil-
ity to metabolize citrate.

Platelets
Thrombocytopenia may occur as a result of disease 
processes (e.g., idiopathic thrombocytopenic purpura, 
chemotherapy, infection, disseminated intravascular 
coagulopathy) or dilution during massive blood loss. 
Children whose platelet count has decreased because of 
idiopathic thrombocytopenic purpura or chemother-
apy generally tolerate platelet counts as low as 15,000/
mm3 without a need for platelet transfusion. In contrast, 
children whose platelet count has decreased because of 
dilution (massive blood loss) generally require platelet 
transfusion when the count is ∼50,000/mm3 (also see 
Chapters 61 and 62). The reason for this disparity is not 
known. However, in the author’s experience, the preop-
erative platelet count has been extremely valuable in pre-
dicting intraoperative platelet requirements.135 Children 
who begin surgery with increased platelet counts may 
not require platelet transfusion, despite blood loss of four 
or more blood volumes. Conversely, children who begin 
surgery with low platelet counts (∼100,000/mm3) may 
require platelet transfusion when blood loss is one or two 
blood volumes. Children who begin surgery with a nor-
mal platelet count (150,000 to 350,000/mm3) usually do 
not require platelet transfusion until two blood volumes 
or more are lost (Figure 93-20).

Whenever platelets are administered, the anesthesia 
record should document the reason for the transfusion, 
and every effort should be made to obtain a platelet count 
before transfusion. Clinical oozing is the typical indication 
for platelet transfusion, unless the potential for bleeding 
would be critical to survival, such as during neurosurgery, 
cardiac surgery, or major organ transplantation. The ini-
tial volume of platelets transfused is approximately 0.1 to 
0.3 U/kg; the increase in platelet count achieved with this 
amount of transfusion varies considerably and depends 
on the presence or absence of platelet antibodies and the 
rate of platelet consumption.

Blood Warmers
A fluid and blood warmer is essential for any child who 
might require rapid correction of intravascular volume. 
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Figure 93-19. Ionized hypocalcemia always accompanies the administration of citrated blood products (e.g., fresh frozen plasma, citrated whole 
blood). Fresh frozen plasma has the highest concentration of citrate per unit volume of any blood product and is the most likely to cause ionized 
hypocalcemia during rapid infusion. Studies in children with thermal injuries suggest that rates exceeding 1 mL/kg/min produce severe ionized 
hypocalcemia. If no further citrated blood products are administered, then this abnormality corrects itself because of metabolism of the citrate. 
However, children with impaired hepatic blood flow—infants, patients undergoing liver transplantation, patients with trauma—may need exog-
enous calcium therapy. *P, < .001; †P, < .0021 versus baseline; S.E., standard error. (From Coté CJ, Drop LJ, Hoaglin DC, et al: Ionized hypocalcemia 
after fresh frozen plasma administration to thermally injured children: effects of infusion rate, duration, and treatment with calcium chloride, Anesth 
Analg 67:152-160, 1988. Used with permission.)
Using such devices for maintenance intravenous fluid 
therapy provides no benefit because the rate of infusion 
is so slow that the intravenous fluid returns to room tem-
perature between the times that it exits the warmer and 
enters the child. New warming devices that use counter-
current or microwave warming methods are superior to 
the older water bath coiled tubing devices. Low-capacity 
passive flow through devices such as the Hotline fluid 
warmer (Level 1 Technologies, Inc., Rockland, Mass.) are 
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Figure 93-20. Dilutional thrombocytopenia occurs whenever mas-
sive blood loss takes place. The need for platelet transfusion, however, 
depends on the starting platelet count. In children who began sur-
gery with low platelet counts, dilutional thrombocytopenia developed 
after blood loss of one or two blood volumes, whereas children who 
began surgery with high platelet counts did not require transfusion of 
platelets. The blue dashed, solid yellow, and solid green lines represent 
three children with initial low platelet counts; the blue and orange lines 
represent two children with initial high platelet counts. (Data from 
Coté CJ, Liu LM, Szyfelbein SK, et al: Changes in serial platelet counts 
following massive blood transfusion in pediatric patients, Anesthesiology 
62:197-201, 1985.)
useful but not for warming a patient with maintenance 
rate administration. The Belmont Buddy Fluid Warmer 
(Belmont Instrument Corp., Billerica, Mass.) claims a 
warming capacity of “cold fluids to 38° C at flow rates 
as low as keep vein open (KVO) and as high as 100 mL/
min.” High-capacity systems such as the Level 1 System 
1000 (Level 1 Technologies, Inc.), which uses countercur-
rent warming technology, is capable of warming blood 
starting at 5° C to 6° C to 33° C at rates as high as 250 
mL/min. Another high-capacity blood warmer, the Bel-
mont FMS (Belmont Instrument Corp.) uses microwave 
warming and is capable of fluid delivery at rates of 10 to 
750 mL/min. A comparison of several devices used with 
pediatric intravenous catheters found that technology 
similar to the Belmont FMS was superior to the Level 1 for 
maintaining temperature and high-volume transfusions 
through intravenous catheters larger than 18 gauge.136 
Thus the Hotline or Belmont Buddy fluid warmer seem 
appropriate for neonates and infants, the Level 1 would 
appear to be appropriate for massive rapid transfusion in 
children weighing less than 30 kg, but the Belmont FMS 
would be superior for larger children.

MONITORING AND SAFETY ISSUES  
FOR PEDIATRIC PATIENTS

The complexity of monitoring applied to children must 
be consistent with the severity of the underlying medi-
cal condition and the planned surgical procedure. The 
author’s philosophy is that if an arterial line or central 
venous line is placed in an adult undergoing a particular 
surgical procedure, then the same should be carried out 
for a child or an infant.

Routine Monitoring and Safety Issues  
(Also See Chapter 44)
Minimal monitoring during anesthesia should include a 
blood pressure cuff, an electrocardiogram, a temperature 
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probe, a pulse oximeter, an end-tidal carbon dioxide 
monitor, and, if possible, an anesthetic agent analyzer. 
The noninvasive blood pressure cuff (NIBP) is particularly 
useful because frequent blood pressure measurements can 
be made even when the anesthesiologist is preoccupied 
with other tasks. The end-tidal carbon dioxide monitor, 
NIBP, and pulse oximeter all provide an early warning 
of impending disaster that may go unobserved until the 
appearance of late clinical signs such as cyanosis, brady-
cardia, severe hypotension, or absence of breath sounds. 
The simultaneous loss of the pulse oximeter signal and 
an inability to measure blood pressure usually indicate 
low or no cardiac output. If the pulse oximeter continues 
to function but the NIBP has changed from measuring 
to nonmeasuring, then the likelihood of hypovolemia 
or anesthetic overdose must be immediately addressed, 
but one can have some assurance that perfusion is still 
taking place.

Capnography is the gold standard for confirmation of 
successful endotracheal intubation. However, the cap-
nograph is useful in a number of other ways as well. 
Changes in the shape or magnitude of the carbon diox-
ide waveform may indicate bronchospasm, endobron-
chial intubation, a kinked endotracheal tube, or low 
pulmonary blood flow. One of the main drawbacks of 
capnography in small children is the inaccuracy of the 
recording obtained with the use of nonrebreathing cir-
cuits. The best method of avoiding artifacts is to sample 
the expired gases at some point within the tracheal tube 
or to use a circle system, even in small infants but at 
lower fresh gas flow rates. In general, the concentration 
of carbon dioxide in expired gas is within 2 to 3 mm 
Hg of that in arterial blood. However, severe pulmo-
nary disease or atelectasis may produce a large differ-
ence in these values. In this type of child, the gradient 
between arterial and expired carbon dioxide values may 
be used to estimate the severity of the shunting. When 
such shunts exist, the measurement of expired carbon 
dioxide values may be used only to monitor trends. Ulti-
mately, the most important monitors are the eyes, ears, 
and hands of the anesthesiologist, who must gather all 
the information provided by observation of the child 
and by the monitors applied to the child, consolidate 
the information into an accurate picture, and respond 
accordingly.

New monitors capable of noninvasive continuous 
cardiac output assessment via changes in impedance are 
now being introduced (Cardiotronic, Osypka Medical, La 
Jolla, Calif.).137,138 Although some limitations exist, such 
as not functioning during electrocautery or with an open 
chest, the simplicity of placing four electrocardiographic 
electrodes and entering the height, weight, age and 
gender, outweigh the limitations. This device has been 
used in children as small as 1 kg, and trend monitoring 
seems to correlate with clinical assessments and the usual 
anesthetic monitors. This type of technology will likely 
be the next advancement in improving safety for chil-
dren under anesthesia by providing an early warning of 
developing cardiovascular dysfunction or the immediate 
assessment of response to vasoactive medications. Other 
devices which use end-tidal carbon dioxide assessment 
pulse contour analysis or the Fick principle are limited 
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 children who are intubated or have an arterial line in 
lace.139,140

Prospective studies have shown that children younger 
an 6 months of age have a high incidence of critical 

vents.27,141-144 The incidence of critical events is greater 
 children with ASA physical status 3 and 4 than in ASA 

hysical status 1 and 2. A number of factors may account 
r these results: the high metabolic rate of small children, 
e technical difficulty of caring for infants, the difficulty 

f estimating actual delivered ventilation when a variety 
f circuit configurations are available, and unfamiliarity 
ith the care of small children. The POCA registry, a vol-
ntary reporting system, estimated that the incidence of 
ediatric cardiac arrest was 1.4 ± 0.45 per 10,000 cases. 
f the 289 cases, 83 occurred in children younger than 
2 months of age. Emergency procedures and ASA physi-
al status 3 or greater were predictive of death. It should be 
oted that two incidents of pediatric cardiac arrest were 
ssociated with sevoflurane and that the data were col-
cted at the time when sevoflurane was not widely used 
 the United States. The use of high inspired concentra-

ons of halothane (∼3%) accounted for 14 of the arrests, 
nd other associated factors were controlled ventilation 
 = 18) and difficult intravenous access (n = 4). The most 

ommon preceding events were bradycardia and hypo-
nsion (n = 25). Three infants had an unrecognized 

ardiomyopathy and one had congenital heart disease. 
irway-related events accounted for only 20% of cases, 
nd most involved airway obstruction and laryngospasm. 
everal lessons can be taken from these data: (1) Children 
ounger than 1 year of age are particularly vulnerable to 
dverse events in the perioperative period. (2) The com-
ination of high inspired concentrations of an inhaled 
olatile anesthetic and controlled ventilation contrib-
te to the critical event. (3) High inspired concentra-
ons of an inhaled volatile anesthetic should be avoided 
ntil intravenous access is established. (4) The way the 
nesthetic is used, not the inhaled volatile anesthetic, is 
ost likely the major contributing factor to these arrests.  
) Particular attention should be paid to frequent moni-
ring of blood pressure and heart rate during induction. 
) Monitoring with pulse oximetry and capnography 
ay have reduced the incidence of airway-related events 
at were avoidable when compared with earlier stud-
s. (7) Lastly, children with congenital heart disease are 
articularly vulnerable to the cardiac depressant effects 
f volatile anesthetic (also see Chapter 94). One study 
at supports these conclusions compared remifentanil-

ased anesthesia and halothane-based anesthesia for 
yloromyotomy.90,91 No cases of significant bradycar-
ia, no differences in hemodynamic variables, and no 
ifferences in extubation times, PACU time, or rate of 
dverse events occurred. Basically, no difference between 
alothane (a slow-onset, slow-offset potent anesthetic) 
nd remifentanil (a potent opioid with rapid onset and 
apid offset) was observed. This study suggests that when 
nesthesiologists pay careful attention to details, adverse 
utcomes and severe adverse events can be avoided. 
he presence of an intravenous line before induction of 
nesthesia also probably provided an additional measure 
f safety. The most recent POCA data suggest that the 
ate of cardiac arrest is frequent in children with single 
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ventricle structure (Fontan), in children with Williams 
syndrome (supravalvular aortic stenosis, abnormal coro-
nary vessels, pulmonary stenosis), and in infants receiv-
ing rapid blood transfusions who develop pathologic 
hyperkalemia.145,146

Invasive Monitoring
Arterial and central venous catheters should be used in 
children whenever such monitors contribute to the man-
agement of safe anesthesia. The placement of these moni-
tors should not be avoided simply because the child is 
small or the anesthesiologist is uncomfortable applying 
the technique to a child. A variety of manufactured kits 
are available, most often using a thin-walled needle and 
a guide wire for venous access. If these monitors are indi-
cated, then the anesthesiologist, surgeon, cardiologist, or 
neonatologist should insert them. Peripherally inserted 
central catheters (PICCs) offer a less invasive procedure 
that can provide accurate measures of central venous 
pressure.

Multilumen catheters are extremely valuable in the 
care of children who are critically ill. These devices facili-
tate the simultaneous intravenous administration of a 
variety of fluids, vasopressors, and antibiotics. However, 
these catheters can also lead to a false sense of security 
created by having three intravenous ports. Specifically, if 
a rapid infusion of PRBCs, colloid, or even crystalloid is 
necessary, then the long, narrow lumen severely limits 
the rate of infusion. If the need for rapid volume expan-
sion is anticipated, then a separate large-bore intravenous 
catheter should be inserted; short-term cannulation of 
the femoral or brachiocephalic vein is reasonable and 
may be lifesaving.

PEDIATRIC EQUIPMENT

Dedicated Pediatric Equipment Cart
Anesthesiologists caring for children must be prepared 
for the unexpected, particularly an undiagnosed con-
genital malformation or difficult endotracheal intu-
bation. Having designated pediatric carts containing 
pediatric equipment is a convenient way of providing 
optimal care in a variety of locations inside and outside 
of the operating room. These carts contain pediatric-
specific intravenous administration sets, intravenous 
catheters of various sizes, butterfly needles (scalp vein 
needles), electrocardiographic pads, various infant- to 
adult-sized blood pressure cuffs, precordial stetho-
scopes, adult and pediatric esophageal stethoscopes, 
arm boards, intravenous fluids in pediatric-size contain-
ers, preterm infant– to adult-sized laryngoscope blades 
and handles, preterm infant– to adult-sized oral airways, 
tracheal tubes (2.0 to 2.5 mm ID uncuffed and 3.0 to 7.0 
mm ID cuffed), stylets, face masks in preterm to adult 
size, size 1 to 5 LMAs, tape, drugs for resuscitation and 
commonly administered medications, and syringes, 
especially tuberculin syringes, for more precise adminis-
tration of drugs. In addition, an interface that allows the 
administration of albuterol down an endotracheal tube 
should be readily available and preferably in the drug 
drawer (Figure 93-21).
An intraosseous needle can be a lifesaving means of 
establishing emergency venous access for the administra-
tion of a drug or crystalloid. The Easy-IO is a relatively 
new battery-powered, drill-like device that provides rapid 
intraosseous access.147,148 This device is a major new 
advance for pediatric care and should be readily available 
for emergent use.

Anesthesia Circuits
Much has been written about the advantages and disad-
vantages of various anesthesia circuits for use in children 
(also see Chapter 29).149 Most of the attention has been 
directed to neonates and ways of reducing the work of 
breathing while preventing rebreathing. Nonrebreath-
ing circuits provide the advantage of minimal work of 
breathing because they have no valves to be opened 
by the child’s respiratory effort. The rate of induction 
of anesthesia may be more rapid because the volume of 
the nonrebreathing circuit is less, no equilibration with 
the carbon dioxide canister is required, anesthetic gases 
are immediately delivered at the airway, and the com-
pression and compliance volume will be low.149 These 
advantages improve the ability to observe respiratory 
effort, as reflected by movement of the anesthesia bag, 
as well as the ability to estimate pulmonary compli-
ance. Thus the actual delivered ventilation, when used 
in conjunction with a ventilator, may be greater with a 
Mapleson D system than with a circle system if no com-
pensatory adjustment in tidal volume is made (Figure 
93-22). The most recent generation of ventilators are less 
susceptible to these types of issues because they auto-
matically compensate for changes in fresh gas flow and 
circuit compliance.

A pediatric circle system can be safely used in neonates 
as long as the clinical implications are understood: large 

Figure 93-21. Adaptor allows the administration of albuterol 
through a tracheal tube, and the timing of the dose with inspirations 
provides maximum delivery. The use of a long intravenous catheter 
that extends beyond the tip of the tracheal tube may further improve 
drug delivery. Up to 20 puffs may be required to deliver adequate 
drug distally. (From Coté CJ, Lerman J, Anderson BJ, editors: A practice of 
anesthesia for infants and children, ed 5, Philadelphia, 2013, Saunders.)



compression volume losses, slightly longer time to equili-
brate, and perhaps a decreased ability to determine changes 
in compliance. The author has exclusively used pediatric 
circle systems for the past 20 years; as long as pressure-
limited ventilation with the same peak inflation pressure 
is used, the same tidal volume is delivered as with a non-
rebreathing system.150-152 Perhaps the greatest advantage 
of the circle system is the ability to use reduced fresh gas 
flow, which saves money and reduces air pollution.

CONSIDERATIONS FOR NEONATAL 
ANESTHESIA

The neonate has unique requirements for equipment, 
intravenous access, fluid and drug therapy, anesthetic 
dosage, and environmental control (see also Chapters 
94 and 95). The many possible neonatal procedures are 
too numerous to describe in this limited space. However, 
the basic anesthetic management is the same for all neo-
nates. An understanding of the basic differences in physi-
ologic function, pharmacologic and pharmacodynamic 
responses, and the underlying pathologic surgical prob-
lem is essential for the development of a safe anesthesia 
plan. Most of the complications are attributable to a lack 
of understanding of these special considerations before 
the induction of anesthesia. Care of neonates is fraught 
with danger, sudden changes, unexpected responses, and 
unknown congenital problems. If anesthesiologists are to 
deliver optimal pediatric anesthesia care, then they must 
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Figure 93-22. Eight types of anesthesia circuits were compared 
regarding ventilatory losses (circuit efficiency) as a result of compression 
of anesthetic gases (compression volume) and stretching of the circuit 
(compliance volume). Compression volume and compliance volume 
losses vary by as much as a factor of 5, depending on the volume of the 
circuit and the material from which it is constructed. Low-volume, low-
compliance circuits (Mapleson D systems) are the most efficient and 
give the anesthesiologist the greatest amount of tactile feedback on 
tidal volume and lung compliance in small children. Most current prac-
titioners use pediatric circle systems with assisted or controlled ventila-
tion, which reduces environmental pollution and is more economical. 
(From Coté CJ, Petkau AJ, Ryan JF, et al: Wasted ventilation measured 
in vitro with eight anesthetic circuits with and without inline humidifica-
tion, Anesthesiology 59:442-446, 1983. Used with permission.)
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always be prepared for the unexpected, have the proper 
size and variety of equipment available, and obtain the 
most intense level of support, both in the operating room 
and in the ICU. If the anesthesiologist only occasionally 
cares for infants, then the likelihood of a problem dra-
matically increases.

Children younger than 1 year of age have a more 
frequent incidence of complications than older chil-
dren.27,141-144,153,154 These complications relate to oxy-
genation, ventilation, airway management, and response 
to anesthetic medications; complications also occur more 
frequently in children with ASA physical status 3 and 4. 
Neonates, particularly preterm infants, function on a mar-
ginal basis; therefore any type of stress is usually poorly 
tolerated. This vulnerability may relate to the technical 
difficulty of taking care of small children, the immatu-
rity of their organ systems (especially the cardiovascular, 
pulmonary, renal, hepatic, and nervous systems), their 
high metabolic rate, the large ratio of body surface area to 
weight, and the ease of miscalculating a drug dose.

When caring for infants and neonates, special atten-
tion must be paid to all aspects of anesthesia and surgical 
management. The anesthesiologist must devote particu-
lar care to the calculation of drug dose and dilution of 
drugs. Prevention of paradoxical air emboli requires that 
all air be vented from intravenous devices and syringes 
before use; each intravenous injection port is aspirated 
to remove air trapped at these junctions, and some drug 
is ejected before intravenous administration to clear air 
from the dead space of the needle. A volume of air that 
is clinically unimportant in an adult may prove cata-
strophic in an infant. Warming of skin preparation solu-
tions and irrigation fluids before applying minimizes 
heat loss. Intravenous fluids should be administered with 
volume-limiting devices; infusion pumps are particularly 
helpful in preventing over administration of intravenous 
fluid. The composition and infusion rate of flush solu-
tions should be noted and calculated into maintenance 
fluid therapy. In neonates and small infants, a basal infu-
sion rate of balanced salt solution with a pump is most 
useful, and third space losses and fluid boluses can be 
given via piggyback or a three-way stopcock.

Every effort must be made to maintain the infant’s tem-
perature to minimize thermal stress. The surgical environ-
ment should be warmed to ensure that the entire room 
constitutes a giant incubator. Heated air mattress devices 
are particularly useful for maintaining temperature.

Monitoring expired concentrations of carbon dioxide 
can be less accurate in small infants but is still extremely 
useful for diagnosing changes over time and for issues 
such as bronchospasm, a kinked endotracheal tube, or 
endobronchial intubation. Pulse oximetry is useful not 
only for the usual data that it provides but also for pre-
venting extreme hyperoxia. Maintaining oxygen satura-
tion at 93% to 95% keeps preterm infants on the steep 
side of the oxygen-hemoglobin dissociation curve. This 
consideration may be important to infants still suscep-
tible to retinopathy of prematurity (ROP), that is, those 
younger than 44 weeks’ PCA, although a multicenter 
trial of tight control of supplemental oxygen failed to 
show any change in risk for the development of ROP.155 
However, because these infants have the highest oxygen 
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consumption, oxygen saturation in the 93% to 95% 
range can change to severe hypoxemia within seconds. 
When managing such a delicate balance and in view of 
the slight inaccuracies of these monitors, the anesthesiol-
ogist must be extremely vigilant and prepared to respond 
rapidly to changes in oxygen saturation. Keeping arterial 
carbon dioxide values within the normal range (35 to 45 
mm Hg) may also be important in preventing ROP. Many 
other factors well beyond the control of the anesthesiolo-
gist contribute to the development of this condition.

APOPTOSIS

One very important concern is the theoretic risk of apop-
tosis caused by medications used to provide sedation, 
analgesia, and anesthesia for infants and toddlers (par-
ticularly those younger than 3 years of age), a population 
still undergoing rapid brain growth. Anesthesiologists 
must be up to date on this issue because with the current 
widespread use of the Internet, more and more parents 
are asking “Is it safe for my baby to have anesthesia?” and 
specifically mention apoptosis! All of the potent inhaled 
anesthetics—nitrous oxide, ketamine, propofol, etomi-
date, barbiturates, benzodiazepines, chloral hydrate, eth-
anol, and others—have been associated with an increased 
rate of apoptosis in laboratory animals.156-159 The major-
ity of animal studies have examined drug doses far out-
side the clinical range. Others have not controlled for 
blood pressure, ventilation, or oxygenation. To further 
confound the issue, the period of rapid brain growth is 
different in each animal species, and the time of exposure 
(i.e., area under the curve exposure) in some is far longer 
than what would occur in clinical practice. For example, 
a 3-hour exposure to a neonatal monkey is equivalent to 
nearly 8 hours for a human; a neonatal rat exposed to 6 
hours of anesthesia is equivalent to 222 hours of human 
exposure. In addition, many of the doses used far exceed 
those used in humans. The following questions need to 
be answered: Do apoptotic anesthetic drugs kill normal 
cells, leading to abnormal neurocognitive development? 
Do they simply accelerate death of cells already destined 
for programmed cell death with no sequelae? Does the 
human brain have so much plasticity that these potential 
adverse effects are overcome?

Data in primates (monkeys) are limited, and perhaps 
these observations are not transferable to humans. In fact, 
the preliminary data that have focused on ketamine “sug-
gest that there might be a margin of safety for the use of 
ketamine in vivo over other anesthetics currently used in 
the clinical setting.”157 A 3-hour ketamine infusion in pri-
mates found no apoptosis in 5- and 35-day-old neonatal 
monkeys. Human data are virtually nonexistent. A retro-
spective questionnaire pilot study using the 120-item Child 
Behavior CheckList found an odds ratio of 1.38 to 1.19 
for greater behavioral disturbances in children exposed to 
anesthesia during the first 6 years of life. The authors con-
cluded that to refute or confirm an anesthetic effect would 
require “at least 2268 children.”160 The Mayo Clinic exam-
ined the school records of children who had no exposure, 
one exposure, two exposures, or more than two exposures 
to anesthesia during the first 4 years of life.161 They found 
no difference in learning disabilities in children who had 
no exposure or one exposure; however, children with two 
exposures had an odds ratio of 1.59 (confidence interval 
1.06 to 2.37) and those with three or more exposures had 
an odds ratio of 2.6 (confidence interval 1.6 to 4.24) for 
having a learning disability. At the time of their anes-
thetic exposure, pulse oximetry and capnography were 
not standards of care; the number of infants who suffered 
unrecognized hypoxic events or extreme hyperventilation 
or hypoventilation, each of which can also cause apop-
tosis, is unknown.162 This same group examined a case 
controlled retrospective study of 350 infants exposed to 
anesthesia younger than the age of 2 years, compared with 
700 children not exposed to anesthesia. They specifically 
examined several factors: learning disability, receipt of an 
“individualized educational program for emotion/behav-
ior disorder,” and scores for “group-administered achieve-
ment tests.”163 They concluded that multiple but no single 
exposures to anesthesia increased the risk of developing 
a learning disability (hazard ratio 2.12, confidence range 
1.26 to 3.54); however, no difference in individualized 
interventions regarding emotional or behavioral issues was 
observed. Once again, this cohort of patients was anesthe-
tized between 1976 and 1982, which is before pulse oxim-
etry and capnography were introduced as the standard of 
care; thus this study suffers from the same flaws. Another 
paper of 1143 pairs of monozygotic twins examined the 
relationship of learning disabilities to exposure to anes-
thesia in the first 3 years of life.164 Educational achieve-
ment and cognitive problems were assessed at 12 years 
of age. When both twins were exposed to anesthesia, the 
rates of cognitive problems and lower achievement scores 
increased; however, when only one twin was exposed to 
anesthesia, no difference was observed in these scores. 
The authors concluded that no evidence suggests a causal 
relationship of exposure to anesthesia, that is, other fac-
tors were contributory to later learning-related outcomes. 
An important animal study compared rats exposed to 4 
hours of sevoflurane. At 4 weeks, all of the animals dem-
onstrated some evidence of cognitive dysfunction.165 They 
were then divided into two groups such that one half of 
the rats had “normal cage care” and the other half had 
a “stimulated cage environment.” They were again exam-
ined for evidence of cognitive dysfunction 4 weeks later. 
Those who were stimulated had complete reversal of their 
cognitive dysfunction, thus indicating for the first time 
that the apparent problem is reversible. Certainly, children 
are not pushed into a corner and then ignored; therefore 
this assumption, in fact, fits the human condition and the 
author’s assessment of this issue as a clinician. Given the 
fact that thousands of infants and toddlers undergo gen-
eral anesthesia for diagnostic and therapeutic procedures 
each year, certainly if cognitive dysfunction were a major 
issue for humans, by now we would have evidence that our 
most vulnerable children, neonates, infants, and toddlers, 
would demonstrate adverse developmental outcomes con-
sistent with the animal models. In addition, many preterm 
and term infants receive these same medications for days 
and often weeks in the neonatal ICU and these children 
have many other problems that could contribute to neu-
rocognitive deficits.158

At present, the issue of drug-induced apoptosis appears 
to be a valid concern and an area of research that must 



be vigorously pursued.166,167 It appears that dexmedeto-
midine, opioids, and xenon are not associated with this 
phenomenon, but further studies are certainly required 
before changing anesthesia practice is advocated. What is 
quite unclear is at what age or developmental level that 
apoptosis is no longer a concern. Is it just preterm infants, 
full-term infants, toddlers, teenagers, or even adults? Is 
the plasticity of the human brain able to overcome a 
(potential) short-term insult? What other factors besides 
drug exposure contribute to this possible association with 
learning disability or cognitive dysfunction? If the drugs 
thought to be a concern in animal models are removed 
from our armamentarium, how are adequate amnesia, 
analgesia, and anxiolysis to be provided? Until more con-
vincing data are available, continuing the current level 
of care with the drugs now available is prudent. Parents 
must be assured that their children will be adequately 
oxygenated, skillfully ventilated, well perfused, and that 
their pain will be well managed.168,169 It would not make 
sense and would be irresponsible to change current prac-
tice without adequate science to support drastic changes 
in anesthesia practice.

THE STRESS RESPONSE

Little doubt exists that neonates, even extremely pre-
term infants, are capable of feeling pain and will respond 
to painful stimuli; however, what actually constitutes a 
state of anesthesia has yet to be proven. No child should 
be denied analgesia or anesthesia because of size or age. 
Clearly, the cardiovascular system of a preterm infant 
rarely tolerates the cardiovascular depressant effects of 
potent inhaled anesthetics. However, the synthetic opi-
oids (e.g., fentanyl, sufentanil, alfentanil, remifentanil) 
are usually well tolerated by even infants who are criti-
cally ill. These potent opioids must be carefully titrated 
to a defined response, and anesthesiologists must remain 
cautious of opioid-induced bradycardia and its conse-
quences on cardiac output. Low concentrations of potent 
inhaled anesthetics can be used with opioids to provide 
a means of controlling hemodynamic responses without 
significantly depressing the myocardium. The relative 
merits of one anesthetic technique over another are not 
well defined. Opioids and inhaled anesthetics suppress 
the hormonal responses to pain. The important result of 
the provocative studies undertaken to clarify this issue is 
that they have heightened everyone’s awareness of the 
need to provide adequate anesthesia and analgesia to 
neonates. As stated earlier, outcomes are mostly deter-
mined by the skill of the clinician and not the specific 
anesthetic chosen.

SPECIFIC NEONATAL AND SURGICAL 
PROCEDURES

MENINGOMYELOCELE

Meningomyelocele, the hernial protrusion of a part of the 
meninges and spinal cord through a defect in the ver-
tebral column, is a relatively common neonatal abnor-
mality. The following should be considered in addition 
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to the usual concerns for the management of neonates: 
(1) special positioning for tracheal intubation (i.e., the 
defect is placed on a “doughnut” and towels are placed 
under the head); (2) possibility of underestimating fluid 
and blood loss; (3) high association of meningomyelocele 
with hydrocephalus; (4) possibility of cranial nerve (vocal 
cord) palsy, resulting in inspiratory stridor; and (5) poten-
tial for brainstem herniation. The anesthesiologist must 
establish adequate intravenous access and invasive moni-
toring (rarely indicated) if appropriate; replace all fluid 
deficits, including loss from the defect (usually with nor-
mal saline); and ensure that crossmatched blood is avail-
able. Latex allergy precautions should be used with these 
children for their first and all subsequent anesthetics.

OMPHALOCELE AND GASTROSCHISIS

Omphalocele and gastroschisis are major defects in the 
closure of the abdominal wall that result in exposure of 
viscera that are either covered (omphalocele) or not cov-
ered (gastroschisis) by peritoneum (Figure 93-23; Table 
93-11). The major problems with these defects include 
the following: (1) severe dehydration and massive fluid 

A

B

Figure 93-23. A, Gastroschisis malformation. The viscera have her-
niated outside the peritoneum. B, Omphalocele malformation. The 
viscera are still covered by peritoneum.
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TABLE 93-11 COMPARISON OF GASTROSCHISIS AND OMPHALOCELE MALFORMATIONS 

Gastroschisis Omphalocele

Pathophysiologic characteristics Occlusion of the omphalomesenteric artery Failure of gut migration from the yolk sac into 
the abdomen

Incidence ∼1 in 15,000 births ∼1 in 6000 births
Incidence of associated anomalies ∼10%-15% ∼40%-60%
Location of defect Periumbilical Within the umbilical cord
Problems associated with defect Inflammation of exposed gut

Edema
Dilated and foreshortened gut (chemical peritonitis)

Congenital heart disease (∼20%)
Exstrophy of the bladder
Beckwith-Wiedemann syndrome (macroglossia, 

gigantism, hypoglycemia, hyperviscosity)

From Coté CJ, Lerman J, Anderson, BA, editors: A practice of anesthesia for infants and children, ed 5, Philadelphia, 2013, Saunders.
 

 

 
 
 
 
 

 
 
 
 
 

 

 
 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

loss from the exposed visceral surfaces (gastroschisis, 
chemical peritonitis) and from third-space losses caused 
by partial bowel obstruction; (2) heat loss; (3) difficulty of 
surgical closure; and (4) high association of this condition 
with prematurity and other congenital defects, including 
cardiac abnormalities (with omphalocele, ∼20%). These 
children should not be rushed to surgery without an 
echocardiogram before anesthesia; postoperative venti-
lation is nearly always necessary with tight closures; in 
some cases, a staged repair is needed.

Infants with omphalocele or gastroschisis must be 
expeditiously cared for to reduce the potential for infec-
tion and compromise of bowel function and to minimize 
the loss of fluid and heat; optimizing fluid and electrolyte 
balance before surgery is recommended. Adequate intra-
venous access must be ensured, and invasive monitor-
ing is occasionally necessary, particularly if an associated 
cardiac defect is present. The liberal use of muscle relax-
ants provides optimal surgical conditions for closure of 
the defect; hypotension secondary to tension on a major 
organ (liver) or caval compression is common. If the sur-
geon is unable to close the defect in one procedure, then a 
staged procedure is planned, usually in the neonatal ICU. 
In either situation, postoperative ventilation will be nec-
essary until the abdominal wall has had time to stretch 
to accommodate the viscera. Intravenous alimentation 
may also play a vital role in the rapid recovery of these 
children. It should be noted that increased abdominal 
pressure after a tight closure (abdominal compartment 
syndrome) may compromise hepatic and renal function 
and significantly alter drug metabolism. Staged closure 
with a premade spring-loaded silastic silo is being used 
with increasing frequency, thus minimizing repeat trips 
to the operating room. A small percentage of children 
with omphalocele will also have Beckwith-Wiedemann 
syndrome, a condition characterized by profound hypo-
glycemia, hyperviscosity syndrome, congenital heart dis-
ease, and associated visceromegaly.

TRACHEOESOPHAGEAL FISTULA ANOMALY

A tracheoesophageal fistula anomaly can have five or 
more configurations, most of which are demonstrated as 
an inability to swallow because of esophageal atresia (the 
esophagus ends in a blind pouch). The characteristic diag-
nostic test is an inability to pass a suction catheter into 
the stomach. Neonates may have aspiration pneumonitis 
from a distal fistula connecting the stomach to the tra-
chea through the esophagus or from a proximal connec-
tion of the esophagus with the trachea. Additionally, this
anomaly may be part of a larger constellation of anoma-
lies known as the VATER association (V, vertebral; A, anal;
TE, tracheoesophageal; R, renal) or the VACTERL associ-
ation (VATER and C, cardiac; and L, limb). Any child with
a tracheoesophageal fistula or esophageal atresia should
be suspected of having the other anomalies described. An
echocardiogram to examine for a right-sided aortic arch
and the presence of congenital heart disease should be
performed before anesthesia.170

The major anesthetic issues include (1) evaluation for
aspiration pneumonia; (2) overdistention of the stomach
from entry of air directly into the stomach through the
fistula; (3) inability to ventilate the child because of the
large size of the fistula; (4) problems associated with other
anomalies, particularly a patent ductus arteriosus (shunt-
ing) and other forms of congenital heart disease; and (5)
the need for postoperative intensive care.171

For management of anesthesia, the infant’s feedings
are withheld, a catheter is placed in the esophagus to
drain saliva, and the infant is placed prone in a head-
up position. If the infant has pneumonia, then treatment
should be initiated. Surgery may be postponed until the
pneumonitis improves or clears. The infant may be a can-
didate for gastrostomy to provide a means of nutrition
during recovery from pneumonitis. Anesthesia evaluation
centers on the pulmonary and cardiovascular systems.
Generally, an awake-sedated intubation is performed. The
author usually administers 0.5 to 1 μg/kg of fentanyl and
25 to 50 μg/kg of midazolam and topicalizes the tongue,
larynx, and vocal cords with no more than 5 mg/kg of
lidocaine (1.0%). The tracheal tube is intentionally passed
into the right main bronchus and then slowly withdrawn
until breath sounds are heard on the left. Often this tech-
nique ensures that the tip of the tracheal tube is placed
beyond the origin of the fistula, thus avoiding massive
distention of the stomach. Care must be taken to avoid
rupturing the stomach; therefore spontaneous and gently
assisted ventilation may be appropriate until the fistula
is ligated or a gastrostomy is completed. A change in the
distance of insertion of the tracheal tube of as little as 1
to 2 mm may determine whether the anesthesiologist is
ventilating both lungs, one lung, or the fistula. Because a
change in oxygen saturation may be the first indication
that all is not well, the pulse oximeter is one of the most



useful monitors in managing these children. A preductal 
and postductal location (two pulse oximeters) will diag-
nose intracardiac shunting. Taping the stethoscope to the 
left side of the chest in the axilla also decreases the pos-
sibility of unrecognized endobronchial intubation. Some 
surgeons prefer that the infant remain intubated postop-
eratively, whereas others prefer an attempt at extubation 
of the trachea; approximately 30% of those extubated 
in the operating room will require reintubation to clear 
secretions.

Postoperative pain may be managed with a caudal 
catheter threaded up to the thoracic level and either 
intermittent bupivacaine (1 to 2 mL of 0.125% with epi-
nephrine 1:200,000) administered every 6 to 8 hours or 
a continuous infusion of chloroprocaine (1.5%) with fen-
tanyl (0.4 μg/mL) infused at 0.3 to 0.8 mL/kg/hr. Such 
management may be undertaken only with the full sup-
port of a pediatric pain service (also see Chapter 92).

DIAPHRAGMATIC HERNIA

A diaphragmatic hernia is usually revealed on the first day 
of life by respiratory distress and a scaphoid abdomen. The 
abnormality consists of herniation of the abdominal vis-
cera through a defect in the diaphragm, most commonly 
the foramen of Bochdalek on the left side. Almost all of the 
abdominal viscera, including the liver and spleen, may be 
above the diaphragm. The gestational age at which hernia-
tion occurs may determine the degree of lung hypoplasia.

Anesthesia concerns include the following: (1) hypox-
emia and hypotension caused by overdistention of the 
stomach and herniation of the mediastinum across the 
midline, (2) hypoxemia attributable to primary pulmo-
nary hypoplasia, (3) hypoxemia attributable to pulmo-
nary hypertension, (4) pneumothorax of the contralateral 
lung during attempts at high-pressure ventilation, and 
(5) systemic hypotension caused by kinking of major 
blood vessels, particularly those of the liver. In general, 
the anesthesiologist’s ability to control Paco2 reflects the 
severity of the lung pathologic presentation and there-
fore survival. An inability to reduce Paco2 is associated 
with a poor prognosis. Extracorporeal membrane oxygen-
ation (ECMO) and the use of nitric oxide have slightly 
reduced the mortality associated with this condition, 
and the urgency for surgical intervention has dimin-
ished and given way to a desire to stabilize the infant 
and minimize stress. Anesthetic management of children 
with a diaphragmatic hernia includes the following: (1) 
Awake endotracheal intubation without bag-and-mask 
ventilation prevents overdistention of the stomach and 
herniation across the midline (now uncommon because 
the child generally does not come to the surgical depart-
ment for several days). (2) Insertion of an arterial line for 
heartbeat-to-heartbeat blood pressure monitoring and 
close observation of the surgical field are most helpful in 
diagnosing impairment of venous return or cardiac out-
put. (3) Blunting of the stress response is accomplished 
by providing analgesia with opioids (usually high-dose 
fentanyl, 25 μg/kg or more) and by controlling respira-
tions with a muscle relaxant (usually pancuronium). (4) 
Careful control of ventilation and oxygenation prevents 
sudden increases in pulmonary artery pressure (Paco2 is 
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aintained less than 40 mm Hg and arterial partial pres-
ure of oxygen [PaO2] more than 100 mm Hg); pulse 
ximetry is helpful in diagnosing subclinical episodes of 
ypoxemia. (5) Hypothermia is avoided to decrease the 
xygen consumption needed for thermogenesis. (6) Vola-
ile anesthetics that might depress the myocardium are 
voided until the chest is decompressed. (7) To prevent 
owel distention, nitrous oxide is not administered. (8) 
wareness for the development of barotrauma-induced 
neumothorax on the ipsilateral or contralateral side 
hould be heightened. (9) Adequate intravenous access 
or the maintenance of a constant circulating blood vol-
me should be ensured. (10) Postoperative intensive care 

s necessary (also see Chapter 95).
In most centers, the approach to these children has 

hanged to supportive care initially with permissive hyper-
apnia, ECMO, high-frequency ventilation, and inhaled 
itric oxide172,173 (also see Chapter 104). The infant is no 

onger rushed to the operating room soon after birth, and 
his approach appears to have only slightly reduced mor-
ality.173-176 In some centers, the closure is accomplished 
t the bedside in the neonatal ICU.

YLORIC STENOSIS

yloric stenosis is normally revealed in the first 3 to 6 
eeks of life. The anesthesiologist has the following 
ajor concerns: (1) a full stomach, rarely filled with con-

rast material; (2) metabolic alkalosis with hypochloremia 
nd hypokalemia; and (3) severe dehydration.

This procedure is never a surgical emergency. 
hildren should be carefully evaluated, and severe meta-
olic imbalance should be corrected before surgery. Even 
f the child arrives with a nasogastric tube in place and 
lthough the diagnosis is now most commonly made 
y ultrasound rather than barium swallow, the stomach 
hould still be immediately suctioned with a wide-bore 
ented catheter in the supine and the right and left lateral 
ositions before induction of anesthesia. This suctioning 
echnique will remove 98% of the gastric contents!177 
hildren with pyloric stenosis can be managed with 
wake intubation, followed by low-dose cisatracurium 
0.1 mg/kg) or rapid-sequence induction of anesthesia 
ith cricoid pressure after atropine (0.02 mg/kg), pro-
ofol (3 mg/kg), and succinylcholine (2 mg/kg) admin-

stration. The actual selection of a specific anesthetic 
pproach primarily depends on the skill and familiarity 
f the anesthesiologist with the technique. However, one 
tudy demonstrated fewer attempts and one half the time 
or successful intubation of the trachea when a muscle 
elaxant was used.178 Postoperative analgesia is generally 
rovided by local infiltration of the skin incision with 
upivacaine (maximum dose, 1 mL/kg of 0.25% bupiva-
aine) and rectal acetaminophen (40 mg/kg initial dose 
ollowed by 10 to 15 mg/kg by mouth every 4 to 6 hours 
or a total 24-hour dose of ∼75 mg/kg). Reports of apnea 
vents after pyloromyotomy have been conflicting.179,180 
ne well-controlled clinical trial described new-onset 

pnea after halothane anesthesia in 3 of 13 children.91 
ntil larger studies are performed, these children should 
e observed with apnea monitors and pulse oximetry 
ostoperatively.
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FORMER PRETERM INFANTS

A frequent incidence of postoperative apnea occurs in for-
mer preterm infants (gestational age less than 37 weeks). The
majority of infants in whom postanesthesia apnea develops
are younger than 46 weeks’ PCA; however, apnea occurs up
to 60 weeks’ PCA.181 The conclusions reached by a num-
ber of studies were limited by the relatively small number of
children. This author had the opportunity to obtain and
analyze the original data from eight prospective studies. A
combined analysis examining the risk for apnea included
only children undergoing inguinal hernia repair and not
receiving special treatment such as caffeine or regional
anesthesia.129 The only two risk factors that stood out
across all ages were gestational age and PCA. The incidence
of apnea was inversely related to both PCA and gestational
age. For example, if two infants were now 45 weeks’ PCA
yet one was born at 28 weeks’ and the other at 36 weeks’
gestational age, then the 28 weeks’ gestational age infant
would have approximately twice the potential for apnea
(Figure 93-24). In addition, the younger the child at the
time of surgery (e.g., 45 versus 55 weeks’ PCA), the higher
the incidence of apnea. The incidence of apnea was more
frequent in institutions that collected data with continu-
ous recording devices than in those that relied on imped-
ance pneumography or nursing observations. Anemia
(hematocrit <30%) is an independent risk factor associated
with apnea in former preterm infants (see Figure 93-24).
What makes this risk factor unique is the fact that the risk
for apnea in anemic former preterm infants is not appar-
ently altered by PCA or gestational age; that is, the risk for
apnea appears to be the same for an anemic 60-weeks’ PCA
infant as for an anemic 45-weeks’ PCA infant. Even after
eliminating infants with an obvious apnea spell in recov-
ery and infants who were anemic, the risk for apnea does
not decrease to less than 1% (with 95% statistical confi-
dence) until a PCA of 56 weeks with a gestational age of 32
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weeks or until a PCA of 54 weeks with a gestational age of 
35 weeks. In general, all former preterm infants younger 
than 60 weeks’ PCA should be admitted to monitored 
beds, and the clinicians should be aware that anemic for-
mer preterm infants are at particular risk.

Although the risk of apnea may be less with regional 
anesthesia, apnea may still occur and may even be 
increased if regional anesthesia is combined with seda-
tion (ketamine, midazolam).182-187 The numbers of well-
controlled studies of regional versus general anesthesia 
to determine whether the risk is significantly reduced 
are insufficient.188 Apnea still clearly occurs even with 
sevoflurane or desflurane anesthesia; therefore the newer 
volatile anesthetics have not eliminated this concern.189

Part of the problem of how to treat these children is the 
fact that the clinical importance of brief apnea associated 
with bradycardia spells that do not require intervention 
is not known. Because cerebral blood flow is significantly 
reduced at heart rates less than 80 beats per minute, even 
brief apnea associated with bradycardia may have adverse 
effects.190 Pulse oximetry would help define the sever-
ity of desaturation, and electrocardiographic monitoring 
would help define episodes of bradycardia, which may 
reduce cerebral blood flow. The combination of desatura-
tion and bradycardia is of more physiologic importance 
than simple documentation of pauses in respiration.

If appropriate monitoring facilities are not available 
postoperatively, then a preterm infant who is younger 
than 60 weeks’ PCA should be referred to an institution 
that has such facilities. High-dose caffeine (10 mg/kg) 
has been recommended,191 which may be an effective 
therapy. However, the half-life of caffeine in older former 
preterm infants is only 6 hours, and the first apnea spells 
after anesthesia may not be expressed until 12 hours.129 
Therefore one cannot administer caffeine and then send 
the infant home and assume that the problem has been 
treated.
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To make the issue even more complex, this author 
has a full-term infant who became apneic after general 
anesthesia. This infant had periodic breathing, which 
is distinctly unusual in a full-term infant and sugges-
tive of a problem with control of respirations.192 Which 
full-term neonates can be safely anesthetized on an out-
patient basis is still not known with certainty. Because 
most organ systems are still rapidly developing during 
the first month of life (44 weeks’ PCA), elective surgery 
should be delayed during the first month of life, and 
postoperative admission and apnea monitoring should 
be considered even in full-term infants younger than 
1 month.

CHILDREN WITH REPAIRED HEART DISEASE

One should not assume that children have normal car-
diac function after correction of congenital heart defects. 
Although the circulation may be normal, there is never 
assurance that cardiac function is normal. Any child who 
has undergone a ventriculotomy may have some ventricu-
lar dysfunction caused by the incision; there is less poten-
tial for dysfunction if the surgical approach was through 
an atriotomy. Likewise, even relatively benign procedures 
such as open closure of ventricular or atrial septal defects 
can be associated with the later development of dysrhyth-
mias. Some children, particularly those with repaired sin-
gle-ventricle physiology, have a significant predisposition 
to sudden death as a result of pathologic arrhythmias; a 
careful history is particularly important in these children. 
Should an arrhythmia develop intraoperatively, consul-
tation with the child’s cardiologist is essential because 
this development may be the first indication of a serious 
underlying arrhythmogenic focus. A radiofrequency abla-
tion procedure may be lifesaving.

Children with a single-ventricle physiology (Fontan) 
require very specific anesthetic management. Because 
blood flow to the lungs is passive (i.e., no pumping cham-
ber and no valves), high venous pressure is required (full 
hydration). PEEP is avoided and, the use of higher respira-
tory rates with low peak inflation pressure is recommended. 
The avoidance of anything that will increase pulmonary 
artery pressure (e.g., hypercarbia, further desaturation from 
baseline) is essential.193 Children with Fontan physiology 
are poor candidates for laparoscopic procedures because of 
the required increases in intraabdominal pressure (com-
promised respirations, leading to hypercarbia and raised 
pulmonary artery pressure), carbon dioxide absorption 
from the pneumoperitoneum (raising pulmonary artery 
pressure), and extremes of head up or head down posi-
tions that also adversely affect passive blood return to the 
pulmonary circuit. These children often have other major 
issues such as protein-losing enteropathy and plastic bron-
chitis, and they are at significant anesthetic risk if one is 
unfamiliar with this unique physiologic abnormality.194

Another pediatric population at high risk for sudden 
death related to anesthesia is children with Williams 
syndrome (aortic stenosis, abnormal coronary arteries, 
pulmonic stenosis).195 Children who have undergone 
cardiac transplantation also need particular attention to 
rule out small vessel coronary artery disease.196 A full dis-
cussion of congenital heart disease is beyond the scope 
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of this chapter, but the following three problems are the 
most common that a nonpediatric anesthesiologist may 
face for an appendectomy or the treatment of a forearm 
fracture (see also Chapter 94).

OBSTRUCTIVE SLEEP APNEA

Obstructive sleep apnea (OSA) is defined as a “disorder of 
breathing during sleep characterized by prolonged upper 
airway obstruction and/or intermittent complete obstruc-
tion (obstructive apnea) that disrupts normal ventilation 
during sleep.” These children also have an altered response 
to carbon dioxide.197 Children at particular risk include 
those with craniofacial abnormalities, neuromuscular dis-
orders, obesity, and adenotonsillar hypertrophy.198,199 The 
increasing number of obese children is a major contribut-
ing factor.200-202 The difficulty that anesthesiologists face 
is determining which children are at risk because not all 
children will undergo formal polysomnogram evaluation, 
which is considered the gold standard.198 Abnormal sleep 
oximetry values (clusters of desaturation) also correlate 
with the severity of OSA.203,204 Even children undergoing 
surgery in the afternoon may be at greater risk compared 
with those undergoing surgeries in the morning.205 The 
apnea index (AI) and the respiratory disturbance index are 
measurements of the presence and severity of OSA syn-
drome. These indices reflect the frequency of occlusive and 
partially occlusive respiratory events per hour of sleep. OSA 
syndrome is present if the AI is 1 or greater (i.e., one or more 
apnea events per hour of sleep) and can be classified as mild 
if the AI is between 1 and 5, moderate if the AI is between 
5 and 10, and severe if the AI is greater than 10 events per 
hour of sleep. Of particular concern are children in whom 
cardiac dysfunction (cor pulmonale) has developed and 
those in whom postobstructive pulmonary edema could 
develop. These children may require overnight ventilation 
in an ICU. In general, risk factors for postoperative compli-
cations include the following: (1) age younger than 3 years; 
(2) abnormal coagulation values; (3) evidence of OSA; (4) 
systemic disorders that place the child at increased peri-
operative risk (e.g., cor pulmonale, metabolic diseases); (5) 
presence of craniofacial or other airway abnormalities; (6) 
performance of the procedure for peritonsillar abscess; (7) 
child living a long distance from an adequate health care 
facility, adverse weather conditions, or home conditions 
not consistent with close observation, cooperativeness, and 
ability to return quickly to the hospital (e.g., substance-
abusing parents, teenage mother); (8) obesity (>95% body 
mass index [BMI] or >95% weight for gender and age), and  
(9) African-American ethnicity.206,207 The main problems 
that anesthesiologists face are determining when it is safe to 
send these children home and what should be done to pro-
vide postoperative analgesia.202 Some day-surgery centers 
immediately send children home after tonsillectomy; oth-
ers hold the children for at least 4 hours (the interval during 
which bleeding or respiratory compromise will most likely 
occur). Hospitals tend to admit the children to a 23-hour 
unit (to avoid the 24-hour hospital admission), thus observ-
ing the child for an extended time (usually not the full 23 
hours) while minimizing the expense to the insurance 
provider. Analgesia is generally provided with a combi-
nation of oral acetaminophen preoperatively or rectally 
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administered after induction and low-dose morphine (33-
50 μg/kg). Some anesthesiologists prefer short-acting opi-
oids such as fentanyl to minimize respiratory depression 
and then supplement the analgesia with an additional lon-
ger-acting opioid in the PACU. Ketorolac provides analgesia 
without adverse respiratory effects, but it is associated with 
an increased incidence of postoperative bleeding if given 
before achieving hemostasis.208 Postoperative nausea and 
vomiting are generally treated with serotonin 5-HT3 antag-
onists, whereas postoperative swelling (plus vomiting) is 
treated with dexamethasone (0.0625 to 0.15 mg/kg).209

The most common at-home analgesic is acetaminophen 
with codeine. One issue that requires further evaluation is 
the possibility of alteration of opioid receptors (upregula-
tion of μ opioid–receptors) in response to repeated minor 
hypoxemic events, as well as an altered response to car-
bon dioxide.197,210-212 These altered responses result in 
increased sensitivity to the respiratory depressant effect of 
opioids.213 These children are analgesic at one half the nor-
mal dose of opioid, thus a normal dose may, in fact, be a 
relative overdose for children with severe OSA.214 In addi-
tion to these factors, children with OSA have a structur-
ally narrowed airway because of an increased propensity 
for upper airway collapsibility.215 These factors explain, in 
part, why children with OSA are at significantly increased 
risk for postoperative respiratory complications. A further 
concern is the recent reports of deaths after tonsillectomy 
related to altered conversion of the prodrug codeine to 
morphine.216,217 Approximately 2% to 10% of children are 
slow metabolizers attributable to the deficiency of CYP2D6 
genes (cytochrome P450, family 2, subfamily D, polypep-
tide 6), thus making codeine an ineffective analgesic. How-
ever, a more worrisome variant is children with duplicated 
CYP2D6 genes, resulting in ultraextensive conversion to 
morphine.218,219 Thus the combination of OSA-induced 
opioid sensitivity and rapid metabolism can lead to fatal 
outcomes.216-219 The FDA has added a black box warning 
strongly recommending that codeine not be administered 
to children for posttonsillectomy analgesia, particularly to 
those with obstructive sleep apnea.220

Independent of this genetic variant, children with severe 
OSA are at very high risk. If the child has not had a for-
mal sleep polysomnogram or an overnight pulse oximeter 
study, then the practitioner must have a high index of suspi-
cion if the child is obese (>95% weight for gender and age); 
has loud snoring, daytime somnolence, observed pauses or 
gasps, or exhibits a new onset of enuresis; is syndromic; or is 
African American.221,222 These children are not candidates 
for same-day outpatient surgery and should be admitted to 
the safety net of medical supervision overnight. Unfortu-
nately, this author has reviewed several medical misadven-
tures during which children with known OSA died at home 
within hours of their tonsillectomy attributable to apnea.

REGIONAL ANESTHESIA AND ANALGESIA

Most regional anesthesia techniques used in adults can 
be safely administered to children as long as strict atten-
tion is paid to the dose of the local anesthetic, the dose 
of epinephrine, the route of administration, and the use 
of proper equipment. Perhaps the greatest advance in 
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pediatric anesthesia has been the development of meth-
ods producing postoperative analgesia (also see Chapters 
92 and 98). Caudal anesthesia, caudal opioids, regional 
blocks, and child-parent-nurse–controlled analgesia have 
all been accepted by anesthesiologists and children. 
Recent advances in ultrasound equipment have further 
improved the accuracy of nerve blocks and reduced the 
dose of drug needed to provide a successful block. Even 
pediatric patient–controlled epidural analgesia has been 
successfully used in children as young as 5 years of age.222 

ach institution and practitioner must decide which 
ethod works best, given each particular practice setting. 
bviously, until dosage guidelines and safety standards 

or monitoring are well established, some of these tech-
iques must be limited to medical centers familiar with 

heir use in children (also see Chapter 92).
Regional nerve blocks and direct local infiltration of 

urgical wounds with long-acting local anesthetics are 
imple yet very effective and safe methods of providing 
ain relief for all children.224,225 In most institutions, it 

is now rare for a child to awaken from anesthesia with-
out some form of regional block. This practice has been 
especially helpful in the outpatient population; parents 
are encouraged to start analgesics when they observe 
their child becoming irritable but before the complete 
dissipation of the block. This approach usually provides 
a smooth transition from general anesthesia and a pain-
free child. (Chapters 56 through 58 discuss regional anes-
thesia and analgesia in detail, and Chapter 92 places a 
special emphasis on pediatrics.)
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K e y  P o i n t s

 •  Organ system maturation, from birth through adolescence (e.g., cardiovascular, 
central nervous system [CNS], pulmonary, renal, hematologic), affects 
physiologic function and therefore anesthetic and surgical management and 
outcome.

 •  Physiologic understanding of congenital heart disease (CHD) and consequent 
anesthetic management are based on the pathophysiologic determinants of four 
categories of defects: shunts, mixing lesions, stenotic lesions, and regurgitant 
lesions.

 •  The chronic sequelae of CHD—repaired, palliated, or unrepaired—affect anesthetic 
management: ventricular failure, residual hemodynamic effects (e.g., valve 
stenosis), arrhythmias, and pulmonary blood flow changes (e.g., pulmonary artery 
hypertension).

 •  Preoperative assessment of cardiac status (e.g., review of history and physical 
examination, echocardiography, and catheterization data and consulting with 
the patient’s cardiologist) and planning are the keys to a successful anesthesia 
outcome.

 •  Intraoperative transesophageal echocardiography and CNS monitoring enhance 
surgical outcome and reduce morbidity.

 •  Selecting an induction technique depends on the degree of cardiac 
dysfunction, the cardiac defect, the degree of sedation provided by the 
premedication, and the presence or absence of an indwelling venous catheter. 
Other factors to be considered are the presence of pulmonary hypertension, 
electrical rhythm disorders, and other comorbidities. The maintenance of 
anesthesia depends on the age and condition of the patient, the nature of 
the surgical procedure, the duration of cardiopulmonary bypass (CPB), and 
the need for postoperative ventilation. It is usually desirable to return the 
patient to an arousable, sedated state with spontaneous ventilation at the 
end of the procedure in the presence of normal homeostasis and absence of 
complications.

 •  The physiologic effects of CPB on neonates, infants, and children are significantly 
different from the effects on adults. During CPB, pediatric patients are exposed 
to biologic extremes not seen in adults, including deep hypothermia (18° C), 
hemodilution (threefold to fivefold greater dilution of circulating blood volume), 
low perfusion pressures (20 to 30 mm Hg), and wide variation in pump flow rates 
(ranging from 200 mL/kg/minute to total circulatory arrest).

 •  After repair of complex congenital heart defects, separating patients from CPB 
may be difficult. The causes may be an inadequate surgical result with a residual 
defect requiring repair, pulmonary artery hypertension, or right or left ventricular 
dysfunction.

 •  The use of modified ultrafiltration (MUF) reverses the deleterious effects of 
hemodilution and the inflammatory response associated with CPB in children. 
Perioperative blood loss and blood use are significantly reduced when MUF is 
used. MUF also improves left ventricular function and systolic blood pressure and 
increases oxygen delivery. Pulmonary compliance and brain function after CPB are 
also improved.

Acknowledgment: The editors and the publisher would like to thank Dr. Darryl H. Berkowitz, who was a contributing 
author to this topic in the prior edition of this work. It has served as the foundation for the current chapter.
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PART VI: Pediatric Anesthesia2800

 •  Neonates, infants, and children undergoing cardiac surgery with CPB 
have a more frequent rate of postoperative bleeding than that seen in older 
patients. This is due to several factors: (1) A disproportionate exposure to 
the nonendothelialized extracorporeal circuit produces an inflammatory-like 
response. This inflammatory response to CPB is inversely related to patient age—
the younger the patient, the more pronounced is the response. (2) The type 
of surgery performed in neonates and infants usually involves more extensive 
reconstruction and suture lines, creating more opportunities for surgical bleeding 
than in adult cardiac patients. (3) Operations are frequently performed using 
deep hypothermia or circulatory arrest, which may further impair hemostasis.  
(4) The immature coagulation system in neonates also may contribute to 
impaired hemostasis. (5) Patients with cyanotic heart disease demonstrate an 
increased bleeding tendency before and after CPB.

 •  The guiding principle in the management of the postoperative patient is an 
understanding of both normal and abnormal convalescence after anesthesia 
and cardiac surgery. The immediate postoperative period, even that of normal 
convalescence, is one of continuous physiologic change because of the 
pharmacologic effects of residual anesthetic agents and the ongoing physiologic 
changes secondary to abrupt alteration in hemodynamic loading conditions, 
surgical trauma, and extracorporeal circulation.

 •  The care of adults with CHD is a new and expanding field of medicine that 
requires the skilled management of an experienced multidisciplinary team.

 •  Additional anesthetic considerations exist in patients with CHD who undergo 
transplantation, closed heart operations without CPB, cardiac interventional 
procedures, and noncardiac surgery.

K e y  P o i n t s — c o n t ’ d
Cardiac surgery is an established and effective treatment 
for children with congenital heart defects. Early successes 
in surgical treatment led to a new therapeutic era in the 
management of congenital heart disease (CHD) and fos-
tered the development of the subspecialties pediatric 
cardiology and cardiac surgery and their collaboration. 
Through this cooperative effort, tremendous progress 
in medical diagnosis and surgical treatment has been 
achieved. In turn, these accomplishments gave rise to 
the development of pediatric cardiac anesthesiologists, 
individuals who understand the pathophysiology of 
congenital heart malformations, the diagnostic and sur-
gical procedures used to treat heart disease, and the prin-
ciples of pediatric and cardiac anesthesia and intensive 
care medicine. Pediatric cardiac anesthesia continues to 
evolve as an exciting and technically demanding subspe-
cialty in which anesthetic management is based on physi-
ologic principles.

Cardiovascular surgery and anesthesia in CHD are 
often performed under unusual physiologic conditions. 
Rarely in clinical medicine are patients exposed to such 
biologic extremes as during surgery for CHD. Commonly, 
patients are cooled to 18° C, are acutely hemodiluted by 
more than 50% of their extracellular fluid volume, and 
undergo periods of total circulatory arrest lasting up to 
1 hour. Management of patients under these physiologic 
extremes is a vital function of the pediatric cardiovascu-
lar anesthesiologist. As with other areas of medicine, the 
application and management of technology preceded a 
comprehensive understanding of its physiologic effects.
Clearly, the perioperative management of these com-
plex cases requires a group of physicians (surgeon, anes-
thesiologist, cardiologist, critical care specialist), nurses, 
and perfusionists to work as a team. This team orientation 
is essential to achieving an optimal outcome. Although 
the quality of the surgical repair, the effects of cardio-
pulmonary bypass (CPB), and postoperative care are the 
major determinants of outcome, meticulous anesthetic 
management is also imperative. Ideally, despite the com-
plexity of the cases and the marked physiologic changes 
attributed to CPB and the surgical procedures, anesthetic 
care should never contribute substantially to morbidity 
or mortality.1 The challenge is to understand the prin-
ciples underlying the management of patients with CHD 
and apply them to clinical anesthesia. We assume that 
the reader already understands the fundamentals of adult 
cardiac (see Chapter 67) and general pediatric anesthesia 
(see Chapter 93).

UNIQUE FEATURES OF PEDIATRIC 
CARDIAC ANESTHESIA

Pediatric cardiovascular management is unique, with 
important differences from adult cardiac surgery (Box 94-1). 
These differences are attributable to normal organ system 
maturation in the neonate and young infant, differing 
pathophysiologic conditions in CHD, the diversity of surgi-
cal repairs, and the use of specialized CPB techniques such 
as deep hypothermia and total circulatory arrest.



PHYSIOLOGIC CONSIDERATIONS AND 
MATURATIONAL FEATURES OF THE 
PEDIATRIC PATIENT

The cardiovascular system changes markedly at birth 
because of a dramatic alteration in blood flow patterns 
(Fig. 94-1). During fetal life, blood flow returning to the 
right atrium (RA) bypasses the unventilated fluid-filled 
lungs. Blood is then preferentially shunted across the pat-
ent foramen ovale into the left atrium (LA) or passes from 
the right ventricle (RV) across the patent ductus arteri-
osus (PDA) to the systemic circulation. At birth, physi-
ologic closure of the PDA and of the foramen ovale brings 
about the normal adult circulatory pattern. The presence 
of certain congenital heart defects or pulmonary disease 
can disrupt this normal adaptive process, creating a tran-
sitional circulation in which right-to-left shunting per-
sists across the foramen ovale or the PDA. Under such 
circumstances, the continued presence of a transitional 
circulation can lead to severe hypoxemia, acidosis, and 
hemodynamic instability, which are poorly tolerated in 
the neonate. In contrast, when initially treating some 
forms of CHD, the prolongation of this transitional cir-
culation is actually beneficial, promoting systemic blood 
flow or pulmonary blood flow (PBF) and postnatal via-
bility. An example of the latter is pulmonary atresia, in 
which PBF is supplied via the PDA. In the absence of 

Patient

Normal organ system development and maturational changes of 
infancy
Cardiovascular: Blood flow patterns of circulation at birth, 

 myocardial compliance, systemic and pulmonary vasculature, 
and β-adrenergic receptors

Pulmonary: Respiratory quotient, closing capacity, chest 
compliance

Central nervous system: Brain growth, cerebral blood flow, 
autonomic regulation

Renal: Glomerular filtration rate, creatinine clearance
Hepatic: Liver blood flow, microsomal enzyme activity

Disease and growth interrelationship
Effects of systemic disease alter somatic and organ growth
Compensatory ability of developing organs to recover from 

injury
Immunologic immaturity of the infant
Obligatory miniaturization (i.e., small patient size and body 

surface area)

Congenital Heart Disease

Diverse anatomic defects and physiologic changes
Altered ventricular remodeling owing to myocardial hypertrophy 

and ischemia
Chronic sequelae of congenital cardiac disease

surgiCal ProCeDures

Diversity of operations
Frequent intracardiac and right ventricular procedures
Use of deep hypothermia and circulatory arrest during repair
Trend toward repair in early infancy
Evolution of surgical techniques to avoid residua and sequelae
Trend toward wider application of certain operations

BOX 94-1 Unique Characteristics of Pediatric 
Cardiac Anesthesia
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collateral vessels, closure of the PDA eliminates the prin-
cipal source of PBF, resulting in hypoxemia and death. 
Ductal patency can be maintained with the administra-
tion of prostaglandin E1. Importantly, the transitional 
circulation can be manipulated by pharmacologic ven-
tilatory strategies, thereby promoting hemodynamic sta-
bility in the pediatric patient. Another unique feature of 
the normal neonatal and infant cardiovascular system 
is the reduced myocardial reserve in contrast to that in 
the healthy adult. The newborn left ventricular function 
is restricted by a reduced number of α-adrenergic recep-
tors, high resting levels of circulating catecholamines, 
limited recruitable stroke work, an immature calcium 
transport system, and decreased ventricular compliance.2 
This limits contractile reserve and results in a left ven-
tricle (LV) with a high level of resting tone. Although the 
resting performance of the neonatal myocardium may be 
greater than in adults and older children, sensitivity to 
β-blockade is greater and only modest increases occur in 
cardiac performance after administration of the β-agonist 
drugs dobutamine and isoproterenol.3

On the ultrastructural level, a variety of cellular syn-
thetic functions are occurring in immature myofibrils that 
dominate the newborn heart. Large nuclei, mitochondria, 
and surface membranes predominate within the myo-
fibrils. In neonates, a 50% reduction in the number of 
myofibrils is seen and the myofibrils are arranged in a 
nonlinear, disordered array. As a direct result, the contrac-
tile mass of the heart is effectively reduced, resulting in a 
ventricle with low compliance. Preload augmentation is 
effective at low filling pressures (1 to 7 mm Hg). However, 
when left-sided filling pressures exceed 7 to 10 mm Hg, 
further increases in left ventricular stroke volume are min-
imal.2 As a consequence, neonates are more dependent 
on heart rate and, to a lesser extent, on preload, to main-
tain cardiac output at filling pressures of 7 to 10 mm Hg 
or greater.4

In addition to a reduced contractile mass, the calcium 
transport system in the neonatal myocardium is underde-
veloped. The transverse tubular system is absent, and the 
sarcoplasmic reticulum, which has to store and release cal-
cium, is small and inefficient. The neonatal heart there-
fore depends more on extracellular calcium levels than 
the adult myocardium.5-8 Because intracellular calcium 
concentrations play a central role in myocardial contrac-
tility, normal or even elevated plasma levels of ionized 
calcium may be necessary to augment or maintain an 
effective stroke volume. This is in contrast to adult car-
diac patients in whom calcium use during cardiac surgery 
has fallen into some disfavor, owing to direct concerns 
over myocardial ischemia and reperfusion injury.

Another unique feature relates to the pulmonary circu-
lation. The pulmonary circulation undergoes significant 
changes during the first months of life. These changes are 
largely characterized by regression of the hypertrophied 
medial smooth muscular layer in the pulmonary arteries 
that exists in utero, resulting in a concomitant drop in 
pulmonary vascular resistance (PVR). In the immediate 
newborn period, the large decrease in PVR is due to lung 
expansion and the vasodilatory effects of a higher PaO2 
than existed in utero. Further decline in PVR through-
out the next 2 months of life is attributable to regression 
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Figure 94-1. Course of the fetal circulation in late 
gestation. Note the selective blood flow patterns 
across the foramen ovale and the ductus arteriosus.
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of the smooth muscle layer in the pulmonary arterioles. 
A corresponding decrease in pulmonary artery pressure 
occurs as PVR declines. Acute physiologic stress in the 
newborn period, such as hypoxemia or acidosis, can 
increase pulmonary artery pressure and thus PVR. If the 
resulting right ventricular hypertension causes reduced 
right ventricular compliance, right-to-left shunting can 
occur at the foramen ovale. Once PVR exceeds systemic 
vascular resistance (SVR), right-to-left shunting develops 
at the PDA. Either phenomenon will worsen the hypox-
emia and eventually limit tissue oxygen (O2) delivery 
to the point of lactic acidosis. In contrast, left-to-right 
shunts, such as with a ventricular septal defect (VSD), 
produce intimal changes in the pulmonary vasculature 
and delay regression of medial muscle hypertrophy. This 
results in persistent elevation of PVR.
Size differences between adult and pediatric cardiac 
patients require different anesthetic techniques and min-
iaturization. Anatomically, pediatric patients have small 
upper and lower airways, small veins and arteries, and a 
decreased body surface area in contrast to those in adult 
patients. Several anesthetic implications exist related 
to patient size. Some centers think placement of arterial 
catheters by cutdown in neonates and infants represents 
the most expedient approach, particularly when optimal 
sites are limited. Pulmonary artery catheters are used infre-
quently, both because of the technical difficulties in posi-
tioning the tip in the pulmonary artery and because of the 
fundamental fact that pulmonary flow bears no obligatory 
relationship to systemic output in children with either 
intracardiac or extracardiac communications. Transtho-
racic catheters for pressure monitoring and delivery of 



vasoactive substances are commonly placed from the sur-
gical field instead of percutaneous approach via the neck. 
Adequacy of the repair and function can be assessed by 
transesophageal echocardiography with Doppler color 
flow imaging with miniaturized probes.9,10 CPB serves as 
another example of the influence of patient size on man-
agement. The ratio of pump priming volume to patient 
blood volume is considerably higher in small children 
than in adults, resulting in a greater degree of hemodilu-
tion. Several studies demonstrated a heightened inflamma-
tory response to CPB in children in contrast to in adults.11 
This effect is related to the disproportionate exposure to 
the nonendothelialized surfaces of the pump circuit per 
body surface area. Greater damage to the formed blood 
elements and plasma proteins is incurred, resulting in acti-
vation of mediators of inflammation.

In pediatric patients with CHD, the cardiovascular sys-
tem often represents the sole cause of the medical prob-
lem. This is in contrast with the multiplicity of diagnoses 
and organ system involvement frequently found in adults 
with acquired cardiovascular disease. Moreover, a special 
disease and growth interrelationship, unique to growing 
infants and children, permits developing organs to com-
pensate for and modify existing disease processes. Repara-
tive and recuperative processes in children are greater as 
a result of this compensatory ability of developing organ 
systems. Adult cardiac patients unfortunately do not 
exhibit the same recuperative ability. Although children 
adapt well to cardiovascular pathologic processes, negative 
aspects to long-standing heart disease also exist. CHD has 
detrimental effects on somatic growth and on the growth 
and development of the brain, myocardium, and lung.

Other unique considerations are issues surrounding 
the premature infant (see Chapter 95). Premature infants 
are classified as infants with low birth weight (31 to 34 weeks, 
1 to 1.5 kg), infants with very low birth weight (26 to 30 
weeks, 600 g to 1 kg), and infants with extremely low 
birth weight (<26 weeks, 400 to 600 g). This population 
of infants manifests unique anesthetic challenges. Car-
diorespiratory failure is common and multifactorial. The 
small airways are prone to obstruction, which results in 
increased airway resistance and work of breathing with 
easy fatigability. Diseases of the upper airway such as sub-
glottic stenosis, tracheomalacia, and tracheal stenosis are 
poorly tolerated, and the use of positive end-expiratory 
pressure (PEEP) or continuous positive airway pressure is 
often necessary to stent open the airway. Lung compliance 
is reduced because of a deficiency of surfactant, resulting 
in intrapulmonary shunt and ventilation-perfusion mis-
match. Mechanical ventilation prevents alveolar collapse, 
maintains patency of the airway, and maintains lung vol-
ume, preventing hypoxia. Premature lungs are susceptible 
to barotrauma and oxidant injury. Ventilation should use 
measures to reduce peak inspiratory pressures and baro-
trauma, and the inspired O2 concentration should be 
reduced to avoid generation of free radicals. Premature 
infants are also prone to perioperative periods of apneas. 
Such apneas might be central in origin or obstructive, 
both of which can be aggravated by anesthetic agents. 
Apnea can be precipitated by abrupt changes in oxygen-
ation, pulmonary mechanics, brain hemorrhage, and 
hypothermia. Sustained apnea can result in desaturation 
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and usually begins after emergence from anesthesia and 
persists for up to 48 hours. Continuous apnea and satura-
tion monitoring with correction of anemia (hematocrit 
>30) and intravenous administration of caffeine are thera-
peutic options. The incidence of postoperative apnea is 
related to postconceptional and gestational age, the pres-
ence of anemia, and the type of surgical procedure. The 
premature heart is a poorly contractile organ, sensitive to 
changes in intracellular calcium, with poor diastolic func-
tion. Cardiac output depends on heart rate, with marginal 
reserve. The premature infant also has a relatively low 
absolute blood volume and tolerates blood loss poorly. 
Autoregulation is not well developed, and blood loss com-
promises cerebral and coronary flow before other mani-
festations of hypovolemia. It is also imperative to avoid 
fluid overload in these patients. Patency of the ductus 
arteriosus results in pulmonary overcirculation with heart 
failure and a large left-to-right shunt. If uncorrected, this 
would result in pulmonary hypertension secondary to the 
development of pulmonary vascular occlusive disease. 
Thermoregulation by nonshivering thermogenesis is also 
poor owing to inadequate stores of brown fat in prema-
turity. It is critical to maintain normothermia by increas-
ing the operating room temperature, using incubators for 
transport, warming and humidifying respiratory gases, 
and warming all intravenous fluids. Glycemic control is 
difficult, with a tendency to hypoglycemia and hypergly-
cemia. Euglycemia should be confirmed and maintained. 
Typically, these infants receive higher concentrations 
of parenteral glucose solutions, which need to be con-
tinued in the perioperative period. Premature infants 
are also prone to retinopathy of prematurity with high 
inspired O2 concentrations and intraventricular hemor-
rhage. Every attempt should be made to avoid hemody-
namic perturbances and fluctuation in O2 saturations. 
In general, immaturity of organ systems results in both 
increased drug effect and duration of action, warranting 
careful titration of drugs.

Premature infants have a twofold increase in cardio-
vascular malformations compared with infants born at 
term.12 One in six infants with CHD, not including those 
with PDA or ASD, is born prematurely. Some malforma-
tions such as tetralogy of Fallot (TOF), pulmonary stenosis, 
pulmonary atresia with VSD, complete atrioventricular 
(AV) septal defect, large VSDs in isolation or associated 
with coarctation, and aortic stenosis are more prevalent 
in this population.13 A significant increase in the likeli-
hood of being small for gestational age is seen among 
infants with TOF, complete AV septal defect, hypoplastic 
left heart, pulmonary stenosis, or large VSD.14

Cardiac catheterization, intervention, and complete 
surgical repair in the newborn of very low birth weight 
(<1.5 kg) can be successfully undertaken with low risk, 
although longer term follow-up remains necessary to deter-
mine growth and development patterns. However, because 
of the complexity of premature organ systems and super-
imposed cardiorespiratory pathophysiology, morbidity and 
mortality are increased.15-17 Surgical adaptations have been 
described that enable the use of CPB in low-birth-weight 
infants. However, low birth weight remains a significant 
risk for mortality in neonates with complex single ventricle 
disease undergoing surgical palliation.18,19 Interventional 
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catheterization is associated with higher risk for complica-
tions, especially related to problems with vascular access, 
arrhythmias, and respiratory compromise.15 Premature 
infants are electively tracheally intubated and ventilation 
controlled for both catheterization and surgical procedures. 
Adequate intravenous access and invasive monitoring can 
be challenging but are necessary in most cases. Mainte-
nance of euglycemia and normothermia and attention to 
fluid and electrolyte balance are important. O2 delivery 
should be optimal by maintaining age-appropriate blood 
pressures, adequate intravascular volume, and hematocrit. 
Any acidosis must be sought and aggressively corrected. 
Generally, such infants should recover in a specialized 
pediatric cardiac intensive care unit (ICU).

CONGENITAL HEART DISEASE

The marked array of anatomic and physiologic condi-
tions seen with CHD distinguishes these processes from 
acquired adult cardiac disease. The spectrum of intracar-
diac shunts, valve pathology (stenoses, regurgitation, or 
atresia), and disrupted great artery connections and the 
absence of one or more chambers of the heart preclude a 
uniform anesthetic approach to patients with CHD. More-
over, myocardial changes result from the hemodynamic 
impact and increased cardiac work incurred by these 
defects. Functionally, these myocardial changes place the 
ventricles at great risk for the development of intraopera-
tive ischemia and failure. Therefore, an understanding of 
the isolated defect, associated myocardial changes, and 
hemodynamic consequences is fundamental to plan-
ning an appropriate anesthetic regimen. Distilling CHD 
into a finite number of physiologic categories enables 
the anesthesiologist to construct a strategy that employs 
the qualitatively predictable impact of drugs, ventilatory 
management, and fluid administration to optimize car-
diovascular performance. Although an isolated heart mal-
formation may be identified, the entire cardiopulmonary 
system is usually affected.

Physiologic Approach to Congenital  
Heart Disease
Although the structural variations seen in CHD constitute 
an encyclopedic list of malformations, anesthetic man-
agement is more logically designed to achieve physiologic 
goals. A general physiologic classification is listed in Table 
94-1. Fortunately, although structurally complex, these 
defects can be understood within a more limited physi-
ologic spectrum. Identification and classification on the 
basis of physiology provide an organized framework for 
the intraoperative anesthetic management and postop-
erative care of children with complex congenital cardiac 
defects. In general, congenital heart lesions fit into one of 
four categories: shunts, mixing lesions, flow obstruction, 
and regurgitant valves (see Table 94-1). Each category 
imposes at least one of three pathophysiologic states: 
ventricular volume overload, ventricular pressure over-
load, or hypoxemia. Ultimately, these pathophysiologic 
conditions can result in myocardial failure or pulmonary 
vascular disease. Medical and surgical perioperative man-
agement strategies should be focused on minimizing the 
pathophysiologic consequences of these lesions.

S
c
a
(
t
e
W
b
n
s
s
f
f
v
r

A

hunt LeSion. Shunts are intracardiac connections between 
hambers or extracardiac connections between a systemic 
nd pulmonary artery—examples are an atrial septal defect 
ASD), a VSD, and a PDA. The direction of blood flow 
hrough the shunt depends on the relative resistances on 
ither side of the shunt and on the size of the shunt orifice. 
ith a nonrestrictive VSD or PDA that does not impede 

lood flowing freely in each direction, the main determi-
ant of blood flow is the resistance of the pulmonary and 
ystemic vascular beds. The direction and magnitude of 
hunt at the atrial level are governed by the relative dif-
erences in ventricular compliance and respective AV valve 
unction. The effect that a shunt lesion has on the cardio-
ascular system depends on its size and direction, either 
ight-to-left or left-to-right. Left-to-right shunts occur when 

TABLE 94-1 CLASSIFICATION OF CONGENITAL 
HEART DEFECTS

Physiologic 
Classification

Pulmonary 
Blood Flow Comments

Left-to-right shunts
 VSD ↑ Volume-overloaded 

ventricle
 ASD Development of CHF
 PDA
 AV canal

Right-to-left shunts
 Tetralogy of Fallot 

(TOF)
↓ Pressure-overloaded 

ventricle
 Pulmonary atresia/

VSD
Cyanotic

 Eisenmenger 
complex

Hypoxemia

Mixing lesions
 Transposition/VSD Generally↓ 

but variable 
Q̇p/Q̇s

Variable pressure 
versus volume 
loaded

 Tricuspid atresia Usually cyanotic
 Anomalous venous 

return
 Univentricular 

heart

Obstructive lesions
 Interrupted aortic 

arch
Ventricular 

dysfunction
 Critical aortic 

stenosis
Pressure-overloaded 

ventricle
 Critical pulmonic 

stenosis
Ductal dependence

 Hypoplastic left 
heart syndrome

 Coarctation of the 
aorta

 Mitral stenosis

Regurgitant lesions
 Ebstein anomaly Volume-overloaded 

ventricle
Other secondary 

causes
Development of CHF

SD, Atrial septal defect; AV, atrioventricular; CHF, congestive heart failure; 
PDA, patent ductus arteriosus; Q̇p, pulmonary blood flow; Q̇s, systemic 
blood flow; VSD, ventricular septal defect.



the PVR is lower than the SVR and blood flow is preferen-
tially directed toward the lungs, resulting in increased PBF.

In patients with large left-to-right shunts and low PVR, 
a substantial increase in PBF can occur. This results in 
three pathophysiologic problems: (1) congestion of the 
pulmonary circulation; (2) intravascular volume overload 
with resulting increased cardiac work for the LV, which 
is required to increase stroke volume and heart rate to 
ensure adequate systemic perfusion; and (3) excessive 
PBF, resulting in progressive elevation in PVR. Volume 
overload causes ventricular dilation that places the heart 
at a mechanical and physiologic disadvantage, resulting 
in reduced diastolic compliance. These diastolic changes 
lead to engorgement of the respective venous beds, which 
produces the signs and symptoms of clinical congestive 
heart failure (CHF) early in the natural history of volume-
overload condition. The demand for increased cardiac 
output placed on the LV is limited in the infant by virtue 
of its immature structure, so that large left-to-right shunts 
may outstrip the capacity of the left side of the heart to 
maintain adequate systemic perfusion, and CHF will 
result. Surgical closure of a hemodynamically significant 
VSD usually provides immediate benefit by dramatically 
lowering left ventricular volume output demands.

Occasionally, the sudden increase in wall stress imposed 
on a dilated ventricle that must now pump solely against 
SVR can produce worsening ventricular failure during the 
early postoperative period after eliminating the low-resis-
tance “pop off” into the pulmonary circulation. If the 
left-to-right shunt is not repaired, prolonged exposure 
to increased PBF results in progressive elevations in PVR. 
Fixed changes in pulmonary arterioles may occur, leading 
to pulmonary vascular obstructive disease. Table 94-1 lists 
common left-to-right shunt lesions.

Right-to-left shunts occur when pulmonary vascular 
or right ventricular outflow tract resistance exceeds SVR, 
thereby reducing PBF. The systemic circulation receives 
an admixture of deoxygenated blood via the shunt and 
manifests clinically as cyanosis and hypoxemia. Pure 
right-to-left shunting resulting from increased PVR is 
seen in the Eisenmenger complex and persistent pulmo-
nary hypertension of the newborn with atrial and ductal 
level shunting. More commonly, PVR is low, and a more 
complex lesion with obstruction of pulmonary outflow, 
proximal to the pulmonary vasculature, produces right-
to-left shunting. Defects such as TOF represent classic 
right-to-left shunts. The shunting occurs through the 
VSD because of pulmonary outflow obstruction. Systemic 
perfusion is generally normal with right-to-left shunt-
ing lesions unless hypoxemia becomes severe enough to 
impair O2 delivery to tissue. Thus, two pathophysiologic 
problems exist: (1) reduced PBF resulting in systemic 
hypoxemia and cyanosis and (2) an increased impedance 
to right ventricular ejection, which may ultimately lead 
to ventricular dysfunction and failure of the RV. How-
ever, the physiologic mechanisms designed to compen-
sate for pressure overload rarely create abnormalities in 
systolic or diastolic function early in the natural history 
of the disease process. In contradistinction to lesions that 
produce excessive ventricular volume, ventricular dys-
function and failure typically take years to develop in the 
context of isolated pressure overload.
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Mixing LeSionS. Mixing lesions constitute the largest 
group of cyanotic congenital heart defects (see Table 94-1). 
In these defects, the mixing between the pulmonary and 
the systemic circulation is so large that the systemic and 
pulmonary artery O2 saturations approach each other. The 
pulmonary-to-systemic flow ratio ˙(Qp/Q̇s) is independent 
of shunt size and totally dependent on vascular resistance 
or outflow obstruction. The pulmonary and systemic cir-
culations tend to be in parallel with one another rather 
than in series (see Table 94-1). In patients with no outflow 
obstruction, flow to the systemic or pulmonary circulation 
depends on the relative vascular resistances of both cir-
cuits, such as with univentricular hearts or double-outlet 
RV. If SVR exceeds PVR, as in the typical circumstance, the 
tendency is toward excessive PBF, and the predominant 
pathophysiologic process is left-to-right shunting. These 
patients have increased PBF, ventricular volume overload, 
and a gradual elevation of PVR over time. If PVR exceeds 
SVR, as may occur episodically in ductal-dependent lesions 
such as hypoplastic left heart syndrome, systemic blood 
flow predominates and PBF dramatically decreases, caus-
ing progressive hypoxemia (Table 94-2).

In patients with a mixing lesion and left ventricular 
outflow obstruction, PBF may be sufficiently excessive 
to impair systemic perfusion. In patients with mixing 
lesions and a right ventricular outflow obstruction such 
as a single ventricle with subpulmonic stenosis, systemic-
to-pulmonary flow can vary from balanced flow to signifi-
cantly decreased PBF in which the severity of hypoxemia 
depends on the degree of obstruction. Typical mixing 
lesions include truncus arteriosus, univentricular heart, 
total anomalous pulmonary venous return, pulmonary 
atresia with large VSD, and single atrium.

obStructive LeSionS. Obstructive lesions range from mild 
to severe. Severe lesions manifest in the newborn period 
with a pressure-overloaded, diminutive, or profoundly 
dysfunctional ventricle proximal to the obstruction. 
These lesions include critical aortic stenosis, critical pul-
monic stenosis, coarctation of the aorta, and interrupted 
aortic arch. Although aortic and pulmonary atresia repre-
sent the most extreme variants of outflow tract obstruc-
tion, they are associated with such extreme hypoplasia of 
the ventricle (hypoplastic left heart syndrome and pulmo-
nary atresia with intact ventricular septum, respectively) 
that the ventricle’s function does not contribute to the 
circulatory physiology. As with other critical obstructive 
lesions, these extreme variants have ductal-dependent 
circulations, but beyond that similarity they are perhaps 
better understood as univentricular hearts for which the 

TABLE 94-2 DUCTAL-DEPENDENT LESIONS

PDA Provides Systemic Flow PDA Provides Pulmonary Flow

Coarctation of the aorta Pulmonary atresia
Interrupted aortic arch Critical pulmonary stenosis
Hypoplastic left heart 

syndrome
Severe subpulmonic stenosis 

with VSD
Critical aortic stenosis Tricuspid atresia with pulmonic 

stenosis

PDA, Patent ductus arteriosus; VSD, ventricular septal defect.
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management characteristics of a mixing lesion dominate 
in importance. In critical neonatal left-sided obstructive 
defects, systemic perfusion depends on blood flow (desat-
urated) from the RV via the PDA and the coronary perfu-
sion is supplied by retrograde flow from the descending 
aorta (see Table 93-3). In right-sided lesions, PBF is sup-
plied from the aorta via the PDA and right ventricular 
function is impaired.

Pathophysiologic problems in critical neonatal left-
sided heart obstructive lesions include (1) profound left 
ventricular failure, (2) impaired coronary perfusion with 
an increased incidence of ventricular ectopy, (3) systemic 
hypotension, (4) PDA-dependent systemic circulation, and 
(5) systemic hypoxemia. The pathophysiologic problems 
in critical neonatal right-sided heart obstructive lesions 
include (1) right ventricular dysfunction, (2) decreased 
PBF, (3) systemic hypoxemia, and (4) PDA-dependent PBF. 
Apart from the most extreme variants that become evident 
in the neonatal period, infants and children with outflow 
obstruction (e.g., mild-to-moderate aortic or pulmonary 
stenosis, coarctation of the aorta) manifest the effective 
compensatory mechanisms for pressure overload, often 
remaining clinically asymptomatic for many years.

regurgitant vaLveS. Regurgitant valves are uncommon 
as primary congenital defects. Ebstein malformation of 
the tricuspid valve is the only pure regurgitant defect 
manifesting in the newborn period. However, regurgi-
tant lesions are frequently associated with an abnormal-
ity of valve structure, such as incomplete or partial AV 
canal defect, truncus arteriosus, and TOF with an absent 
pulmonary valve. The pathophysiology of regurgitant 
lesions includes (1) volume-overloaded circulation and 
therefore (2) progression toward ventricular dilation 
and failure.

In summary, when considering the incidence of all 
the congenital heart defects, three uncomplicated left-to-
right shunts (VSD, ASD, PDA) and two obstructive lesions 
(pulmonic stenosis, coarctation) constitute 60% of all 
congenital cardiac defects. Mixing lesions, complicated 
obstructive defects, and right-to-left shunting lesions 
account for the vast majority of the remaining 40%. The 
latter group of defects, which are more difficult to man-
age, are more labor intensive and have a significantly 
higher morbidity and mortality rate. This observation is 
directly attributed to the complexity of the cardiovascu-
lar abnormalities seen in this group, in which an absence 
of a chamber or a major ventricular-arterial connection 
is present.

chronic conSequenceS of congenitaL heart DiSeaSe. The 
chronic effects of CHD are a consequence of the imposed 
hemodynamic stress of the defect or the residua and 
sequelae after cardiac surgery. These effects continue to 
alter normal growth and development of the cardiovas-
cular system and other organ systems throughout life. 
Complete surgical cures are rarely achieved, and some 
repairs are palliative rather than corrective; therefore, 
abnormalities before and after repair produce long-term 
effects in patients with CHD.20 Although the overall out-
look for these patients is good in most instances, every 
defect has associated myocardial changes and every 
repair leaves certain obligatory abnormalities. Many of 
the abnormalities are trivial and have no major import. 
Others affect major organ system processes, such as ven-
tricular function, central nervous system (CNS) growth, 
the conduction system of the heart, or PBF. Under these 
circumstances, the long-term quality of life is affected. 
Whether anesthetizing these patients for their primary or 
subsequent cardiac repair or for noncardiac surgery, these 
chronic changes should be ascertained and reflected in 
the anesthetic plan.

The myocardium is continually remodeled by specific 
hemodynamic stresses in utero and throughout life. Right 
ventricular growth and development are influenced by 
the low-resistance afterload of the pulmonary circulation. 
The LV is coupled to the high-resistance systemic circula-
tion, which accelerates its rate of growth and develop-
ment. This situation gives rise to the adult condition in 
which left ventricular dominance of myocardial muscle 
mass occurs. This entire developmental process is referred 
to as dynamic ventricular modeling. Abnormal hemody-
namic loading conditions associated with CHD interrupt 
the normal ventricular modeling process (Fig. 94-2).21 
Abnormal ventricular remodeling typically begins in 
utero and stimulates an increase in ventricular mass. 
Increased ventricular mass is due to both hyperplasia and 
hypertrophy of myocytes in response to altered wall stress 
on the developing ventricle. The resultant biomechanical 
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Figure 94-2. Comparison of ventricular hypertrophy patterns demon-
strating altered ventricular remodeling in two different congenital heart 
defects. A, Note the right ventricular hypertrophy and the diminutive 
left ventricle in tetralogy of Fallot. B, Note the severe left ventricular 
hypertrophy and septal bulging into the right ventricle in aortic stenosis.



deformation of the ventricle alters its geometry, affecting 
normal systolic and diastolic function.

Abnormalities of ventricular performance at rest and 
with exercise can be detected in patients with chronic 
hemodynamic overload and complex cyanotic lesions. 
These abnormalities in ventricular function are the con-
sequences of chronic ventricular overload, repeated epi-
sodes of myocardial ischemia, and residua or sequelae 
of surgical treatment (ventriculotomy, altered coronary 
artery supply, inadequate myocardial protection). The 
physiologic adaptive responses to chronic hypoxemia 
and ventricular pressure or volume overload are the pri-
mary stimuli producing the long-term ventricular dys-
function. Although chronic volume overload of the LV as 
seen with left-to-right shunts or a chronic pressure-loaded 
LV from left-sided obstructive lesions results in CHF, the 
compensatory mechanisms for pressure overload cre-
ate less physiologic disturbance, particularly in diastolic 
function. Consequently, CHF occurs later in the natural 
history of isolated obstructive lesions that do not require 
treatment in the neonatal period. Similarly, chronic right 
ventricular volume overload as seen in pulmonic insuf-
ficiency after TOF repair is more likely to be associated 
with chronic ventricular dysfunction and failure than 
a pressure-loaded RV that manifests with residual pul-
monic stenosis. In fact, the most potent combination for 
inducing ventricular dysfunction and failure occurs when 
a pressure overload is superimposed on a dilated, vol-
ume-overloaded ventricle (e.g., postoperative TOF with 
pulmonary insufficiency and branch pulmonary artery 
stenosis). The mechanism for the dysfunction and failure 
is multifactorial.

Initial manifestations of CHF reflect alterations in 
ventricular compliance that result from a variety of bio-
physical responses to abnormal loading conditions. The 
ventricular dilation and compensatory hypertrophy that 
accompany excessive intravascular volume provide effec-
tive compensation to preserve normal systolic wall stress, 
but alterations in diastolic wall stress become evident 
(Fig. 94-3). Ultimately, chronic or severe pressures cause 
similar changes as the resultant myocardial hypertrophy 
outgrows vascular supply and results in ischemia and 
fibroblast proliferation. Permanent changes in myocar-
dial structure and function are the end result.

In patients with cyanotic conditions, the long-term 
compensation for chronic hypoxemia is a major redis-
tribution of organ perfusion with selected blood flow to 
the heart, brain, and kidney and decreased flow to the 
splanchnic circulation, skin, muscle, and bone. Chronic 
hypoxemia is associated with increased work of breath-
ing in an attempt to increase O2 uptake and delivery. 
The most dramatic complications are decreased rate of 
somatic growth, increased metabolic rate, and an increase 
in hemoglobin concentrations.

Congenital syndromes may have associated CHD that 
will influence long-term outcome (Table 94-3).

SurgicaL ProceDureS anD SPeciaL techniqueS. The ulti-
mate objectives for congenital heart surgery are (1) physi-
ologic separation of the circulation, (2) relief of outflow 
obstruction, (3) preservation or restoration of ventricular 
mass and function, (4) normalization of life expectancy, 
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and (5) maintenance of quality of life. The available 
surgical procedures to accomplish these objectives are 
diverse and complex (Table 94-4). In contrast to cardiac 
operations in adult patients, pediatric congenital heart 
repairs involve more intracardiac surgery, with a greater 
preponderance performed via the RA and RV. In gen-
eral, operations performed for congenital heart defects 
can be divided into palliative and corrective procedures. 
The type and timing of repair depend on the age of the 
patient, the specific anatomic defect, and the experience 
of the surgeon and the team (see Table 94-4).

Palliation in infancy is usually performed when ana-
tomic parts are missing, as in pulmonary atresia (absent 
RV and pulmonary artery), tricuspid atresia (absent RV 
and tricuspid valve), hypoplastic left heart syndrome 
(aortic atresia and hypoplastic LV), univentricular heart 
(absent RV or LV), and mitral atresia (absent LV). These 
palliative procedures can be further subdivided into those 
that increase PBF, those that decrease PBF, and those that 
increase mixing (see Table 94-4). Palliative procedures 
that increase PBF include shunts (Blalock-Taussig, cen-
tral, and Glenn), outflow patch, and enlargement of the 
VSD. Those that decrease PBF include pulmonary artery 
banding and ligation of a PDA. Those that improve intra-
cardiac mixing include atrial septostomy (balloon, blade, 
and Blalock-Hanlon).

The improvements in surgical technique, coupled 
with advancements in anesthetic and technologic sup-
port, make repair in early infancy not only feasible but 
in many cases preferable.22 Currently, repair in infancy 
can be offered for a number of congenital heart defects, 

LVp

h

r

h/r

�s

�p

Normal
Pressure
overload

Volume
overload

117 � 7
10 � 1

220* � 6
23* � 3

139 � 7
24* � 2

.8 � .1

2.4 � .1

.34 � .02

151 � 14

17 � 2

1.5* � .1

2.8 � .2

.58* � .05

161 � 24

23 � 3

1.1* � .1

3.3* � .1

.34 � .02

175 � 7

41* � 3

Figure 94-3. Changes in ventricular physiology that accompany abnor-
mal pressure and volume loading in human adolescents and adults. 
Schematic diagram represents the changes in cross-sectional ventricular 
geometry that accompany abnormal pressure and volume loads. Data 
are measured and derived from catheterization and echocardiography 
of 30 adolescent and adult human subjects. Pressure overload triggers 
significant increases in wall thickness and wall thickness-to-radius ratio 
(h/r), but these compensatory mechanisms preserve σ within normal 
limits. Whereas volume overload causes dilation and enough hypertro-
phy to preserve normal σS, diastolic function deteriorates significantly. 
σd, End-diastolic wall stress; LVp, left ventricular pressure; r, radius of 
the left ventricular chamber; σs, peak systolic wall stress. *P = .01. (From 
Grossman W, Jones D, McLaurin LP: Wall stress and patterns of hypertrophy 
in the human left ventricle, J Clin Invest 56:56, 1975.)
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TABLE 94-3 SYNDROMES ASSOCIATED WITH CONGENITAL HEART DISEASE

Syndrome Lesion Cardiac Lesion Comments

Syndromes With Airway Issues and CHD
CHARGE syndrome (association) VSD, ASD, PDA, TOF Micrognathia, possible difficult airway
Edwards syndrome Trisomy 18 VSD, ASD, PDA Micrognathia, small mouth, difficult 

intubation
Di George sequence Microdeletion 22q11.2 Aortic arch and 

conotruncal lesions
Short trachea—tendency to 

endobronchial intubation
Goldenhar syndrome VSD, PDA, TOF, CoA Maxillary and mandibular hypoplasia, 

C-spine anomalies—difficult intubation
Hurler syndrome MPS 1, storage disorder Multivalvular disease, 

CAD, cardiomyopathy
Macroglossia, short neck—extremely 

difficult intubation
Noonan syndrome PS, ASD, cardiomyopathy Short webbed neck, macrognathia—

difficult intubation
Turner syndrome Monosomy X LVOT O, AS, HLHS, CoA Micrognathia, webbed neck—difficult 

intubation
VATER association VSD, TOF, ASD, PDA Potential for difficult intubation
Syndromes With Risk for Arrhythmias
Long QT syndrome (LQTS) Torsade de pointes, SCD
Brugada syndrome VT/VF/SCD
Arrhythmogenic right ventricular 

dysplasia (ARVD)
VT/SCD

Catecholaminergic polymorphic 
ventricular tachycardia

Polymorphic VT/SCD

Wolff-Parkinson-White syndrome SVT
Maternal lupus CCHB in the newborn
Chromosomal Disorders Associated With CHD
Down syndrome Trisomy 21 VSD, ASD, CAVC
Edwards syndrome Trisomy 18 VSD, ASD, PDA
Patau syndrome Trisomy 13 VSD, PDA, ASD
Turner’s syndrome Monosomy X LVOT O, AS, HLHS, CoA
3p−syndrome Deletion 3p CAVC
Cri du chat syndrome Deletion 4p Variable
8p−syndrome Deletion 8p CAVC
9p−syndrome Deletion 9p VSD, PDA, PS
Williams syndrome Microdeletion 7q11 SVAS, SVPS, branch PS
Smith-Magenis syndrome Microdeletion 17p11.2 ASD, VSD, PS, AV valve 

malformations
Miller-Dieker syndrome Microdeletion 17p13.3 TOF, VSD, PS
CHARGE association VSD, ASD, PDA, TOF Coloboma, heart, choanal atresia, 

retardation, genital and ear anomalies

AS, Atrial stenosis; ASD, atrial septal defect; AV, atrioventricula; CAVA, vena cava; CAD, coronary artery disease; CHARGE, coloboma of the eye, heart 
defects, atresia of the nasal choanae, restriction of growth and/or development, genital and/or urinary abnormalities, and ear abnormalities and deaf
ness; CCHB, congenital complete heart block; CHD, congenital heart disease; CoA, coarctation of the aorta; HLHS, hypoplastic left heart syndrome; LV
O, left ventricular outlet obstruction; MPS 1, mucopolysaccaridosis type 1; PDA, patent ductus arteriosus; PS, pulmonary stenosis; SCD, sudden cardia
death; SVAS, supraventricular aortic stenosis; SVPS, supravalvular pulmonic stenosis; SVT, supraventricular stenosis; TOF, tetralogy of Fallot; VATER, ver
tebral defects, imperforate anus, tracheoesophageal fistula, and radial and renal dysplasia; VSD, ventricular septal defect; VT/VF, ventricular tachycard

ventricular fibrillation.
as shown in Table 94-4. The timing of surgical interven-
tion reflects medical necessity, physiologic and technical 
feasibility, and optimal outcome. Cardiac defects that 
require a PDA to sustain sufficient systemic blood flow or 
PBF (e.g., pulmonary atresia, hypoplastic left heart syn-
drome, interrupted aortic arch, critical aortic stenosis, 
and critical pulmonic stenosis) require an intervention 
in the neonatal period. A variety of defects are optimally 
repaired in early infancy. Lesions such as transposition of 
the great arteries (TGA) may exhibit better left ventricu-
lar function if the arterial switch operation is performed 
in the first few weeks of life when the PVR has recently 
been high enough to increase left ventricular systolic 
pressure, whereas other repairs may manifest less vola-
tile postoperative physiology if deferred a few weeks or 
months until PVR has consistently fallen (e.g., TOF, AV 
canal defect). Each defect may have mitigating factors for 
which deferred definitive repair will enable optimal sur-
gical result (e.g., TOF with aberrant coronary branching 
pattern or multiple VSDs; TGA with VSD and severe left 
ventricular outflow tract obstruction).

Although some lesions merit repair whenever they 
are diagnosed (e.g., total anomalous pulmonary venous 
return, coarctation of the aorta), others exhibit such a 
wide spectrum of physiologic disturbance that the tim-
ing of an intervention must be made individually (e.g., 
VSD, aortic stenosis, pulmonic stenosis). A few cardiac 
malformations produce pathophysiologic changes that 
are sufficiently mild that repair is typically deferred to 
later infancy or childhood (e.g., isolated ASD). Palliative 
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TABLE 94-4 CONGENITAL CARDIAC DEFECTS AND THEIR REPAIR

Anatomic Defects Palliation Complete Repair

Tetralogy of Fallot (TOF) VSD closure and RVOT patch
 With PA atresia Shunt
 With anomalous right coronary artery Rastelli
HLHS Norwood i/transplant
Transposition of the great arteries Arterial switch
Unfavorable coronary anatomy Atrial switch (Senning)
Tricuspid atresia Shunt followed by Fontan
Pulmonary atresia with VSD Shunt followed by Fontan
 With intact septum Shunt followed by Fontan
Critical aortic stenosis Aortic valvotomy
Interrupted aortic arch End-to-end anastomosis/reverse subclavian flap/tube graft
Total anomalous pulmonary Anastomosis of pulmonary veins to left atrium venous return 

and ASD closure
Single ventricle/normal PAs Band followed by Fontan
 With small PAs Shunt followed by Fontan
Truncus arteriosus RV-PA conduit and VSD closure
Atrioventricular canal Repair valve clefts/patch closure of ASD/attach valves to patch

ASD, Atrial septal defect; HLHS, hypoplastic left heart syndrome; PA, pulmonary artery; RV, right ventricle; RVOT, right ventricular outflow tract; VSD, 
ventricular septal defect.
surgery is entertained when a physiologic derangement 
requires intervention but circumstances preclude defini-
tive repair.

Pediatric cardiovascular surgery repairs defects in 
infancy rather than palliates.24 This trend reflects 
improved technical capabilities coupled with a desire to 
limit the morbidity and mortality associated with long-
term medical management and the sequelae of multiple 
palliative operations. Early correction should decrease the 
incidence of the chronic complications of CHD, such as 
the problems associated with ventricular overload, cya-
nosis, and pulmonary vascular obstructive disease.23 Early 
repair also may have the selective advantage of enhanc-
ing organ system protection during repair because of 
poorly understood factors promoting resistance to injury 
and enhanced recovery potential (i.e., enhanced plastic-
ity). With the continued improvement in surgical tech-
niques and the early treatment of CHD, specific organ 
systems such as the brain, heart, and lungs will be spared 
the detrimental effects of chronic derangements of hemo-
dynamics and O2 delivery.

Procedures for the treatment of CHD continue to 
evolve to decrease long-term morbidity and enhance sur-
vival. For example, the long-term problems with right 
ventricular dysfunction and failure associated with the 
Mustard procedure for repair of TGA encouraged many 
surgical groups to develop the neonatal arterial switch 
operation. The latter procedure probably provides an 
anatomic correction with better long-term results. A sec-
ond example of the continuing evolution of technique is 
surgery for TOF. Long-standing pulmonary insufficiency 
after right ventricular outflow repair for TOF is associated 
with right ventricular dysfunction and failure. Preserva-
tion of the pulmonary valve at initial repair using a com-
bined transatrial and transpulmonary approach during 
correction and the early insertion of a pulmonary homo-
graft in the setting of pulmonary insufficiency are tech-
niques being used in an attempt to avoid the long-term 
problems of right ventricular dysfunction and failure.24 
Similarly, nonsurgical procedures in the cardiac catheter-
ization laboratory continue to develop to treat patients 
who may be poor surgical candidates. Patients presenting 
with right ventricular dysfunction or failure secondary 
to valveless right ventrical–to–pulmonary artery (RV-PA) 
conduits used in the palliation of TOF show improved 
outcomes from a transcatheter pulmonary valve.25 The 
benefits include avoidance of a repeat sternotomy with 
an enlarged RV and CPB.

Surgery for hypoplastic left heart syndrome, once 
considered a fatal disease, has achieved significant long-
term survival after a series of staged reconstructive pro-
cedures.26,27 The use of RV-PA conduits as an alternative 
to traditional systemic-to-pulmonary shunts has been 
shown to confer some advantage in survival after stage 1 
palliation owing to elimination of diastolic runoff into the 
pulmonary circulation with concurrent unloading of the 
systemic RV. Myocardial perfusion improves with higher 
diastolic pressures, lower aortic saturations, and decreased 
myocardial work. The long-term impact of a right ventricu-
lotomy in a univentricular heart is unknown.28-30 In 2008, 
the Pediatric Heart Network, an organization sponsored 
by the National Institutes of Health, completed enroll-
ment in a randomized control trail comparing the effects 
of modified Blaylock Taussig shunt (mBTS) to RV-PA con-
duits as part of the stage 1 Norwood procedure.31 Recent 
results revealed infants treated with an RV-PA shunt had 
improved survival over those with mBTS, although the 
long-term outcomes were not different.31,32 The use of 
a low-resistance strategy provides a stable postoperative 
course with use of vasodilators such as phenoxybenza-
mine on CPB and optimal reduction of PVR with inhaled 
nitric oxide (NO) and 100% O2 after CPB.33,34

Several factors considered to be associated with an 
increased risk for single ventricle palliation include 
anatomic variants such as aortic atresia, mitral atresia, 
ascending aorta less than 2.0 to 2.5 mm, restrictive atrial 
septum, obstructed pulmonary venous return, the pres-
ence of other congenital anomalies, prematurity, birth 
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weight less than 2.5 kg, older age at time of surgery (>14 
days), surgical inexperience, and prolonged CPB and 
arrest times. Perioperative factors can adversely affect 
outcome and include preoperative metabolic acidosis, 
preoperative inotrope support, morphologic RV in the 
systemic circuit, right ventricular dysfunction, presence 
of severe tricuspid regurgitation, pulmonary valve regur-
gitation (beyond mild), and low mixed venous oxygen 
saturation (SvO2) (<30%) after a Norwood procedure.35-41 
Neurologic outcome after surgical repair is an ongoing 
concern. Preoperative cerebral blood flow (CBF) was 
shown to be diminished in patients with a variety of con-
genital heart defects, and low CBF values were associated 
with periventricular leukomalacia.42 Some centers rou-
tinely advocate regional low-flow cerebral perfusion and 
measurement of regional cerebral O2 saturation index 
and CBF velocity using transcranial Doppler imaging 
during arch reconstruction in this population. Reduc-
tions in the regional cerebral O2 saturation index or CBF 
greater than 20% of baseline are treated aggressively in 
an attempt to increase cerebral O2 delivery by increasing 
the mean perfusion pressure, red blood cell (RBC) trans-
fusion, and maintenance of high normal levels of PacO2 
to achieve cerebral vasodilation.

Surgical management has evolved in a broader applica-
tion of certain surgical procedures initially designed for a 
specific defect. For example, modifications of the Fontan 
operation, which was originally devised for patients with 
tricuspid atresia, are now being used to repair a variety 
of univentricular hearts, including hypoplastic left heart 
syndrome.43,44 Initially, the wider application of the Fon-
tan operation to include complex defects once considered 
inoperable was associated with a rise in morbidity and 
mortality. However, this trend has been reversed in recent 
years by several groups who have demonstrated improved 
outcome with the staging of the operation (superior cavo-
pulmonary anastomosis, subsequent completion of the 
Fontan operation), the creation of a fenestration between 
the RA and LA at the time of the Fontan operation, and the 
use of modified ultrafiltration (MUF) at least in the early 
years.45 The communication allows for right-to-left shunt-
ing, thereby preserving cardiac output at lower systemic 
venous pressure in the early postoperative period. When 
necessary, once the patient has convalesced from the acute 
postoperative changes, the fenestration can be closed at 
the bedside with a snare placed at the time of the opera-
tion or in the catheterization laboratory with a clamshell 
device. In a substantial proportion of cases, these fenes-
trations close spontaneously without further intervention. 
However, as these patients grow older, they present with 
the unique pathophysiologic challenges of refractory 
arrhythmias, the failing single ventricle, protein-losing 
enteropathy, and plastic bronchitis. Most of these adults 
are cared for in a combined pediatric and adult cardiac 
program and require intensive multidisciplinary care to 
optimize cardiorespiratory status. Ingenuity and innova-
tion such as demonstrated with the difficult Fontan proce-
dure have permitted continued improvements in survival 
for all patients with CHD. As incisions in the myocardium 
become smaller and sutures more precisely placed, and as 
improvements in surgical techniques continue to evolve, 
the complications of ventricular dysfunction, arrhythmias, 
and residual obstruction should decline, contributing to 
improved patient quality of life.

One final difference unique to congenital heart sur-
gery that has a major impact on anesthetic management 
relates to the type of cardiopulmonary support. Because 
of the complexity of repair in small patients, surgery often 
requires significant alterations in the bypass techniques, 
such as the use of deep hypothermic CPB at temperatures 
of 18° C and total circulatory arrest. Many operations are 
undertaken in this setting of extreme biologic conditions 
of temperature and perfusion. Current methods of CPB 
management in neonates, infants, and children involve 
extensive alterations in temperature, hemodilution, sys-
temic perfusion pressure, and flow. Despite widespread 
use of these techniques during CPB, their physiologic 
effects on major organ system function are just begin-
ning to be understood. These effects are discussed in sub-
sequent sections.

In summary, unique features in caring for children 
with CHD who are undergoing pediatric cardiac surgery 
must be considered. These features include the patient’s 
growth and development, the developing cardiovascu-
lar system of the young, the pathophysiology of CHD, 
the surgical procedures, and the CPB techniques. A basic 
understanding of these differences coupled with the fun-
damental knowledge of adult and pediatric cardiac anes-
thesia principles underlies the approach to successful 
perioperative management of these patients.

ANESTHETIC MANAGEMENT

PREOPERATIVE MANAGEMENT

Anesthetic Evaluation
Caring for children with CHD presents the anesthesiolo-
gist with a wide spectrum of anatomic and physiologic 
abnormalities (see also Chapter 96). Patients range from 
young, healthy, asymptomatic children who are having 
closure of a small ASD to the neonate with hypoplastic 
left heart syndrome requiring aggressive perioperative 
hemodynamic and ventilatory support. Intertwined with 
the medical diversity of these patients are the psycho-
logical factors affecting both the patient and the parents. 
Preparation of the patient and the family is time-con-
suming, but omitting or compromising this aspect of 
patient care is a major deterrent to a successful outcome 
and patient and parental satisfaction. This team-oriented 
approach also serves as a safeguard to prevent errors and 
omissions in the exacting perioperative care necessitated 
by the complexity of cardiac surgery for CHD. The preop-
erative visit offers the family the opportunity to meet the 
surgeon and anesthesiologist.

Parents should be questioned about the general health 
and activity of their child. Fundamentally, a child’s 
general health and activity will reflect cardiorespiratory 
reserve. Deficiencies may point toward cardiovascular or 
other systems that may influence anesthetic or surgical 
risk. Whether the child has an impaired exercise toler-
ance is important. Is the child gaining weight appropri-
ately or exhibiting signs of failure to thrive on the basis 
of cardiac cachexia? Does the child exhibit signs of CHF 
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TABLE 94-5 COMMON PERIOPERATIVE MEDICATIONS AND CONSIDERATIONS

Cardiac Drug Class Interactions Considerations

Angiotensin-converting 
enzyme inhibitors

Hypotension with induction of general anesthesia Consider withholding morning dose, or 
reducing dosage, in hypotensive patients; 
avoid fixed dose induction regimens with 
drugs having a profound vagomimetic effe

β-Blockers Acute withdrawal can precipitate tachycardia and 
arrhythmias; can potentiate hypotension with volatile 
anesthesia; can decrease response to inotropic agents

Continue in the perioperative period

Calcium channel  
blockers

May augment the negative inotropic and chronotropic 
effects of volatile anesthesia

Continue in the perioperative period

Diuretics Hypovolemia/hypokalemia; may augment effect of 
neuromuscular blocking agents

Discontinue preoperatively

Antiarrhythmics Can be proarrhythmic with inotropes, electrolyte 
disturbances; high catecholaminergic states; can interact 
with other antiarrhythmics and precipitate bradycardia

Avoid electrolyte imbalance
Avoid drugs that are proarrhythmic
Monitor carefully

α2-Agonists Reduces perioperative shivering, ischemia, anesthetic and 
analgesic requirements

Continue into the perioperative period with 
appropriate monitoring
(diaphoresis, tachypnea, poor feeding, recurrent respi-
ratory infections)? Is there progressive cyanosis or new 
onset of cyanotic spells? Any intercurrent illness such as 
a recent upper respiratory tract infection or pneumonia 
must be ascertained. Lower respiratory tract infections 
may require a delay in proposed surgery, based on the 
negative impact that airway reactivity and elevations 
in PVR may have on surgical outcome. Recurrent pneu-
monia is frequently associated with pulmonary overcir-
culation and altered lung compliance in patients with 
increased PBF.

A good history must delineate previous surgical and 
cardiologic interventions. These may have an impact on 
both surgical and anesthetic plans for the current pro-
cedure. Patients who have had their subclavian artery 
sacrificed for a subclavian flap angioplasty to correct 
coarctation or a Blalock-Taussig shunt will not accurately 
display systemic arterial pressure or perhaps even pulse 
oximetry readings when the monitoring is applied to the 
left arm. Likewise, children who have femoral venous 
occlusion after catheterization are not candidates for fem-
oral venous access, particularly for femoral CPB should 
sternotomy prove impossible. It is equally important to 
ascertain current medications, previous anesthetic prob-
lems, and family history of anesthetic difficulties.

In the modern era of echocardiography and cardiac 
catheterization, physical examination rarely contributes 
additional anatomic information about the underlying 
cardiac lesion. However, it is extremely useful in assessing 
the overall clinical condition of the child. For example, 
an ill-appearing, cachectic child in respiratory distress 
has limited cardiorespiratory reserve and the use of exces-
sive premedication or a prolonged inhaled induction 
of anesthesia could result in significant hemodynamic 
instability.

Concurrent Medications and  
Drug Interactions
Drug interactions are common both among the cothera-
peutic cardiovascular agents and between cardiovascu-
lar drugs and anesthetic drugs (see also Chapter 93). An 
understanding of the mechanisms and of the interactions 
is useful to the pediatric cardiovascular anesthesiologist. 
Some common cardiovascular medications and anesthe-
sia considerations are shown in Table 94-5.

Pediatric oncology patients presenting for cardiac 
or noncardiac procedures may manifest higher cardio-
vascular risk because of cardiotoxic chemotherapy.46 
Common cardiotoxic agents include the antimetabolite 
5-fluorouracil, the anthracycline antibiotics doxorubicin 
and daunorubicin, and the alkylating agent cyclophos-
phamide. The acute form of toxicity is characterized by 
acute ST segment/T wave changes on the electrocardio-
gram (ECG), serious dysrhythmias, and CHF associated 
with pericardial effusion. Chronic cardiotoxic heart 
failure is cumulative, dose related, and unresponsive to 
digoxin therapy. Serious cardiomyopathy can occur and 
is related to dose, irradiation, and use of an anthracycline. 
The mortality rate can exceed 50%. These patients should 
undergo thorough preoperative evaluation, including 
a full blood cell count, assessment of renal and hepatic 
function and coagulation parameters, and an echocardio-
gram. An isoflurane/nitrous oxide (N2O)-based anesthetic 
might confer better hemodynamic stability than opioid-
based anesthesia in such patients.47

Anesthetics can cause torsade de pointes, a malignant 
arrhythmia. Risk factors for torsade de pointes include 
female gender, electrolyte imbalances such as hypoka-
lemia and hypomagnesemia, genetic ion channel poly-
morphisms of congenital long QT syndrome (LQTS), 
subclinical LQTS, baseline QT prolongation, and use of 
QT-prolonging drugs especially in high concentrations or 
as rapid intravenous infusions. Conditions with reduced 
repolarization reserve such as CHF or digoxin toxicity can 
precipitate torsade de pointes. Drugs that may cause tors-
ade de pointes in patients with congenital LQTS are shown 
in Table 94-6. The website http://www.qtdrugs.org pro-
vides an updated list of drugs that prolong the QT interval.

Laboratory evaluation should include analysis of 
hemoglobin, hematocrit, pulse oximetry, and, in 
selected patients (e.g., those on diuretics or with renal 
impairment), serum electrolytes. An increased hemato-
crit in a normovolemic child gives an indication of the 
magnitude and chronicity of hypoxemia. A hematocrit 

http://www.qtdrugs.org
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more than 60% may predispose to capillary sludging and 
secondary end organ damage, including stroke. Despite 
these risks, liberalized guidelines for nothing by mouth 
that permit children to consume clear liquids up to 2 hours 
before anesthetic induction have virtually eliminated the 
need to admit these patients to the hospital early for pre-
operative intravenous hydration.48,49

Echocardiography with Doppler color flow imaging 
(echo-Doppler) is an invaluable tool that provides a non-
invasive means of assessing intracardiac anatomy, blood 
flow patterns, and estimates of physiologic data.50 For 
many cardiac defects, more invasive studies are gener-
ally not required if a good echocardiographic assessment 
is made. Echo-Doppler imaging is especially helpful for 
defining intracardiac abnormalities. Extracardiac abnor-
malities, such as pulmonary artery or vein stenosis, are 
more difficult to define by echo-Doppler and often require 
cardiac catheterization. The ability to interpret anatomy 
and physiology accurately requires a skilled echocardiog-
rapher, reaffirming the need for a well-integrated interac-
tive team. Although the complexities posed by extreme 
anatomic variation and changing loading conditions 
render intraoperative echo-Doppler challenging even for 
experienced echocardiographers, the pediatric cardiac 
anesthesiologist should develop some familiarity with its 
capabilities and limitations so as to participate in critical 
intraoperative management decisions.

Magnetic resonance imaging (MRI) of the heart and 
major vessels has become a very useful noninvasive imag-
ing tool in children with heart disease (see also Chapter 90). 
Typically, MRI is used for segmental description of cardiac 
anomalies; evaluation of thoracic aortic anomalies; non-
invasive detection and quantification of shunts, stenoses, 
and regurgitations; evaluation of conotruncal malforma-
tions and complex anomalies; identification of pulmo-

TABLE 94-6 DRUGS THAT MAY CAUSE TORSADE 
DE POINTES IN PATIENTS WITH CONGENITAL 
LONG QT SYNDROME

Drug Category Drug Name

Antiarrhythmics Amiodarone
Procainamide
Disopyramide
Ibutilide
Quinidine
Sotalol

Antipsychotics Chlorpromazine
Haloperidol
Thioridazine
Mesoridazine

Antimicrobials Erythromycin
Clarithromycin

Miscellaneous Cisapride
Arsenic
Methadone
Droperidol
Domperidone
Dolasetron
Ondansetron
Glycopyrrolate
nary and systemic venous anomalies; and postoperative 
studies and evaluation of CHD in adult patients.51 MRI 
s particularly useful in quantifying ventricular function, 
egional wall motion, valvular competence, and velocity 
ow mapping. It is especially useful for imaging the aortic 
rch, pulmonary arteries, and the mediastinal vessels in 
hildren with complex CHD. Lesions for which MRI pro-
ides accurate and useful information include coarctation 
f the aorta, anomalies of the pulmonary arteries, anoma-
ous pulmonary venous connections and persistent left 
uperior vena cava, and intracardiac baffles, conduits, 
nd shunts. MRI is also useful in older patients with poor 
coustic windows and patients with chest wall deformi-
ies.51 It can be used as an alternative to cardiac catheter-
zation in select patients. More recent developments have 
nabled the use of MRI to provide noninvasive assessment 
f coronary anomalies, myocardial perfusion defects, and 
he detection of conditions associated with myocardial 
carring (e.g., arrhythmogenic RV dysplasia). These scans 
re prolonged and require absolute patient immobility, 
ith control of ventilator parameters to obtain optimal 

mages. Adenosine stress cardiac MRI is used to delin-
ate areas of inducible ischemia. However, physiologic 
ata such as O2 saturations cannot be obtained with 

MRI. Anesthetic considerations remain the same as for 
all cardiac lesions, with the additional concerns for MRI 
safety and restricted access to an anesthetized patient 
with suboptimal monitors.

Cardiac catheterization remains the gold standard for 
assessing anatomy and physiologic function in CHD. 
Although many anatomic questions can now be reliably 
answered noninvasively, cases that present complex ana-
tomic questions or those for which physiologic data are 
required, catheterization remains a vital tool. Important 
catheterization data for the anesthesiologist include the 
following:

 1.  Child’s response to sedative medications
 2.  Pressure and O2 saturation in all chambers and great 

vessels
 3.  Location and magnitude of intracardiac and extracar-

diac shunt ˙(Qp/Q̇s)
 4.  PVR and SVR
 5.  Chamber size and function
 6.  Valvular anatomy and function
 7.  Distortion of systemic or pulmonary arteries related 

to prior surgery
 8.  Coronary artery anatomy
 9.  Anatomy, location, and function of previously cre-

ated shunts
 10.  Acquired or congenital anatomic variants that might 

have an impact on planned vascular access or surgery
  

Careful review of the cardiac catheterization data and 
an understanding of their potential impact on the opera-
tive and anesthetic plan are essential. Not all the medical 
problems can be evaluated and corrected preoperatively; 
the surgeon, cardiologist, and anesthesiologist must dis-
cuss the potential management problems and any need 
for further evaluation or intervention before arrival in 
the operating room. Appropriate communication and 
cooperation between the two physicians will optimize 
patient care and facilitate perioperative clinical manage-
ment. Typically, institutions have a regularly scheduled 



Chapter 94: Anesthesia for Pediatric Cardiac Surgery 2813

combined cardiology and cardiac surgery meeting to dis-

o

t

a

i

 
n

 
o

e

cuss candidates for surgery, during which all essential 
information is displayed and discussed. Such a meeting 
provides an invaluable opportunity for learning about 
specific patients proposed for surgery and a continuing 
educational forum that promotes an interdisciplinary 
exchange directed at contemporary concepts in CHD and 
its treatment, both medical and surgical.

Premedication
See Chapter 93.

INTRAOPERATIVE MANAGEMENT

Operating Room Preparation
Advance, careful preparation of the operating room is 
essential (see also Chapter 92). The anesthesia machine 
must have the capacity to provide air, O2, carbon dioxide 
(CO2), NO, and N2O to help balance pulmonary and sys-
temic blood flow. Intravenous tubing must be free from 
air bubbles to prevent paradoxical air embolism. Resusci-
tative drugs, labeled and ready for administration, should 
include succinylcholine, calcium gluconate or calcium 
chloride, sodium bicarbonate, atropine, phenylephrine, 
lidocaine, and epinephrine. An inotropic infusion, usu-
ally dopamine, should be premixed and ready for admin-
istration in high-risk cases, but additional infusions are 
prepared if their need is strongly suspected. For all pedi-
atric cases, certain anesthetic drugs should be available 
(etomidate, propofol, ketamine). In pediatric cardiac 
anesthesia, many patients have limited reserve and high 
endogenous catecholamine levels released in an adaptive 
response to their underlying cardiac disease. The resusci-
tative drugs should therefore be prepared and immedi-
ately available before anesthetic induction.

For congenital heart surgery, the ability to alter body 
temperature rapidly for cooling and rewarming is essen-
tial. During deep hypothermic CPB, patients are cooled to 
18° C. Surface cooling with a heating and cooling water 
mattress and an efficient room and ambient temperature 
control system are important in the operative manage-
ment of these patients (also see Chapter 54).

Physiologic Monitoring
The specific monitoring used should depend on the 
child’s condition and the magnitude of the planned sur-
gical procedure. The perioperative monitoring techniques 
available are listed in Box 94-2. Noninvasive monitoring 
equipment is placed before induction of anesthesia. In the 
crying pediatric patient, the anesthesiologist may elect to 
defer application of monitoring devices until immediately 
after the induction of anesthesia. Standard monitoring 
includes an electrocardiographic system, pulse oxim-
etry, capnography, precordial stethoscope, and an appro-
priate-sized blood pressure cuff (either oscillometric or 
Doppler). Additional monitoring includes an indwelling 
arterial catheter, temperature probes, and an esophageal 
stethoscope. Foley catheters are generally employed when 
surgical intervention entails CPB or might produce renal 
ischemia or when the anesthetic management includes 
a regional technique associated with urinary retention. 
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me centers routinely employ central venous pressure 
VP) monitoring for major cardiovascular surgery. Alter-

atively, we typically use directly placed transthoracic 
rial lines to obtain that information for separation from 
PB and the postoperative period. In that setting, the 
enefits of the information or access provided by percu-
neous CVP catheters in the prebypass period must be 
eighed against the risks they pose.
Continuous monitoring of arterial pressure is pos-

ble only through an indwelling intraarterial catheter. 
 young children, cannulation of the radial artery with 
22- or 24-gauge catheter is preferred. In older children 
d adolescents, a 20-gauge catheter may be substituted. 

areful inspection, palpation, and four-extremity non-
vasive blood pressure determinations help ensure that 

revious or currently planned operative procedures (e.g., 
previous radial artery cutdown, subclavian flap for 
arctation repair, or Blalock-Taussig shunt) do not inter-
re with the selected site of arterial pressure monitoring. 
ther sites available for cannulation include the ulnar, 
moral, axillary, and umbilical (in neonates) arteries. 
annulation of the posterior tibial or dorsalis pedis arter-
s is not usually sufficient for complex operative pro-
dures. Peripheral arterial catheters, principally of the 

istal lower extremities, function poorly after CPB and do 
ot reflect central aortic pressure when distal extremity 
mperature remains low.52

Myocardial and cerebral preservation is maintained 
rincipally through hypothermia; therefore, the accurate 

CarDioPulmonary system

Esophageal stethoscope
Electrocardiogram

Standard seven-lead system, ST-T wave analysis, esophageal 
electrocardiographic lead

Pulse oximetry
Automated oscillatory blood pressure
Capnograph
Ventilator parameters
Indwelling arterial catheter
Central venous pressure catheter
Pulmonary artery catheter
Transthoracic pressure catheter

Left or right atrium, pulmonary artery
Echocardiography with Doppler color flow imaging

Epicardial or transesophageal

Central nervous system

Peripheral nerve stimulator
Processed electroencephalography
Specialized

Cerebral blood flow: Xenon clearance methodology
Cerebral metabolism: Near-infrared spectroscopy, oxygen 

consumption measurements
Transcranial Doppler
Jugular venous bulb saturations

temPerature

Nasopharyngeal, rectal, esophageal, tympanic

renal FunCtion

Foley catheter

BOX 94-2 Monitoring of Organ Systems
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and continuous monitoring of body temperature is crucial. 
Rectal and nasopharyngeal temperatures are monitored 
because they reflect core temperature and brain tempera-
ture, respectively. Monitoring of esophageal temperature 
is a good reflection of cardiac and thoracic temperature. 
Tympanic probes, although a useful reflection of cerebral 
temperature, can cause tympanic membrane rupture.

Pulse oximetry and capnography provide instanta-
neous feedback concerning adequacy of ventilation and 
oxygenation. They are useful guides in ventilatory and 
hemodynamic adjustments to optimize Q̇p/Q̇s before 
and after surgically created shunts and pulmonary artery 
bands. Peripheral vasoconstriction in patients undergo-
ing deep hypothermia and circulatory arrest renders digi-
tal O2 saturation probes less reliable. In the newborn, the 
use of a tongue sensor has been advocated to provide a 
more central measure of O2 saturation, with less tempera-
ture-related variability.53

The use of transthoracic (in the RA, LA, pulmonary 
artery) or transvenous pulmonary artery catheters is 
determined on an individual basis based on the disease 
process, physiologic state, and surgical intervention. For 
example, in children undergoing a Fontan procedure for 
tricuspid atresia or a univentricular heart, catheters in 
the Fontan pathway and the pulmonary venous atrium 
are especially useful. After a Fontan operation, PBF must 
occur without benefit of a ventricular pumping chamber. 
Subtle changes in preload, PVR, and pulmonary venous 
pressure will influence PBF and thus systemic cardiac out-
put. Data derived from systemic venous pressure and left 
atrial pressure (LAP) help identify the relative importance 
of intravascular volume (CVP), PVR (CVP-LAP gradient), 
or ventricular compliance (LAP), each of which requires a 
different therapeutic approach.

As a general guideline, a transvenous pulmonary 
artery catheter may be placed using the internal jugular 
approach in children weighing more than 7 kg. A 5.0-Fr 
catheter is used for children weighing between 7 and 
25 kg, and a 7.0-Fr one is used for children weighing more 
than 25 kg. For infants weighing less than 7 kg, percuta-
neous placement of a pulmonary artery catheter can be 
performed from the femoral vein. Occasionally, the latter 
technique will require fluoroscopy. The use of intraop-
erative transthoracic monitoring lines and echo-Doppler 
imaging limits the need for transvenous pulmonary artery 
catheters in most cases.

Special Monitoring
intraoPerative echocarDiograPhy. Of the newer tech-
niques available for monitoring patients during pediatric 
cardiovascular surgery, the most promising is echo-Doppler  
imaging (see also Chapter 46). Several reports have described 
the usefulness of intraoperative echo-Doppler imaging 
during congenital heart surgery.54-56 Two-dimensional  
echocardiography combined with pulsed-wave Dop-
pler ultrasonography and color flow mapping is able 
to provide detailed morphologic as well as physiologic 
information in the majority of operative cases. Using 
echo-Doppler in the operating room, anatomic and phys-
iologic data can be obtained before CPB, thus refining the 
operative plans. Prebypass echo-Doppler precisely defines 
anesthetic and surgical management.9,54 Because of the 
unrestricted epicardial and transesophageal echocardiog-
raphy (TEE) approaches in anesthetized patients, new 
findings are frequently discovered and management plans 
changed accordingly (Fig. 94-4).

Postbypass echo-Doppler evaluation is able to immedi-
ately assess the quality of the surgical repair and assess cardiac 
function by examining ventricular wall motion and systolic 
thickening.9,54 This technique can show residual structural 
defects after bypass, which can be immediately repaired in 
the same operative setting and avoids leaving the operating 
room with significant residual structural defects that will 
require reoperation at a later time (Fig. 94-5). By identify-
ing patients with new right ventricular and left ventricular 
contraction abnormalities after bypass, as determined by a 
change in wall motion or systolic thickening, echo-Doppler 
provides guidance for immediate pharmacologic interven-
tions. Importantly, postbypass ventricular dysfunction and 
residual structural defects identified by echo-Doppler imag-
ing are associated with an increased incidence of reopera-
tion and higher morbidity and mortality rate.57 Thus, this 
monitoring tool is helpful in assessing surgical outcome 
and identifying operative risk factors, which will hopefully 
improve outcomes.

Two techniques for intraoperative echo-Doppler imag-
ing have been described: epicardial and transesophageal 
echocardiography. Using TEE, the probe is placed after 
induction of anesthesia and intubation and is then avail-
able for monitoring of the patient (see also Chapter 46). 
The advantage of this technique is its utility as a continu-
ous monitor of cardiac structure and function, without 
interrupting surgery.9,58 Because of its ideal imaging loca-
tion, TEE has been especially helpful in evaluating pul-
monary venous return and the integrity of the left AV 
valve after mitral valvuloplasty, complete AV valve repair, 
and correction of complex CHD. Early limitation in views 

Figure 94-4. Intraoperative pre–cardiopulmonary bypass epicar-
dial echocardiogram in the long-axis view. Note the insertion of the 
papillary muscle of the tricuspid valve on the interventricular septum. 
On the basis of this view, the surgeon decided that ventricular septal 
defect (VSD) closure was possible in a child thought preoperatively to 
be a candidate for only palliation. LA, Left atrium; LV, left ventricle; RV, 
right ventricle. (See also Chapter 46.)



has been virtually eliminated as a result of clinical experi-
ence and improved biplane images. Pediatric biplane TEE 
probes have now extended the patient weight limits to 
neonates between 2.5 and 3 kg.59 Potential hazards of TEE 
that merit particular vigilance include descending aorta 
and airway compression because of probe size or during 
probe flexion. If TEE is indicated before repair, the probe 
is removed during the procedure because of concerns 
about esophageal damage during hypothermia and low 
or no flow states.

A second technique for intraoperative echocardio-
graphic analysis in children is the epicardial approach.54,59 
This approach requires passing a clean, short-focused 5.0- 
or 7.0-MHz transducer over the anesthesia screen into a 
sterile sheath, where it then can be placed on the epicar-
dial surface of the heart. This technique best facilitates 
the probe manipulations necessary for thorough inter-
rogation of the major structures and dynamic function 
of the heart. The advantage of this approach is that all 
views can be obtained in patients of any size. Among the 

A

B  

Figure 94-5. A, Echocardiogram with a Doppler flow map in the 
long-axis view illustrating a residual ventricular septal defect (VSD) 
resulting from patch dehiscence after initial repair. Turbulent flow 
through the VSD appears as a mosaic of white particles (arrow). This 
finding necessitated immediate reinstitution of cardiopulmonary 
bypass and repeat repair. B, Repeat Doppler flow map in the long-axis 
view illustrates patch closure (arrow) of the VSD after repeat repair. 
Note the absence of turbulent flow with the loss of the mosaic of white 
particles. AO, Aorta; LA, left atrium; LV, left ventricle; RV, right ventricle.
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disadvantages are the need for sufficient operator skill 
and experience to perform the manipulations, the need 
to interrupt surgery to manipulate the probe, and the pos-
sible deleterious impact of direct myocardial mechanical 
manipulation.57 With the current TEE capabilities, epicar-
dial imaging is rarely employed.

SPeciaLizeD centraL nervouS SySteM Monitoring. The pri-
mary goal of brain monitoring is to improve our under-
standing of cerebral function and dysfunction during 
cardiac surgery so that effective brain protection strategies 
can be developed. Because many of the determinants of 
normal brain perfusion become externally controlled by 
the cardiac team during CPB, such as flow rate (cardiac 
output), perfusion pressure, temperature, hematocrit, and 
PacO2, a knowledge of the effect of these factors on the 
brain in neonates, infants, and children is essential. Fur-
thermore, the examination of the brain under unusual 
biologic circumstances, such as after deep hypothermic cir-
culatory arrest (DHCA) or during continuous-flow CPB at 
deep hypothermia (18° C), permits a unique opportunity 
to describe cerebrovascular physiology and pathophysi-
ology. Numerous intraoperative techniques have been 
used for monitoring the brain to prevent secondary brain 
injury from hypoxia, ischemia, emboli, and electrophysi-
ologic derangements (see Chapter 49). These have primar-
ily included the following three modalities in isolation or 
combination: (1) near-infrared spectroscopy (NIRS) to pro-
vide a measure of venous-weighted, tissue oxyhemoglobin 
saturation; (2) transcranial Doppler imaging to measure 
arterial flow and resistance; and (3) electroencephalog-
raphy (EEG) to assess perfusion-related changes in corti-
cal activity.60 Additionally, the measurement of CBF and 
metabolism with specialized clinical research tools has 
been very important in furthering our understanding of 
brain function during and after surgery. Multimodal neu-
rologic monitoring is also used to guide the conduct of 
CPB, DHCA, and regional low-flow cerebral perfusion tech-
niques in neonatal arch reconstruction.61-63

Electroencephalographic monitoring allows detec-
tion of ischemia or recognition of an adequate decrease 
in cerebral metabolic activity during hypothermia before 
DHCA. EEG is helpful in monitoring physiologic func-
tions of the CNS during deep hypothermic bypass and 
total circulatory arrest. For example, during deep hypo-
thermia and before total circulatory arrest, the processed 
EEG can identify residual cerebral electrical activity. Iso-
electric silence can then be induced by further cooling 
and any further brain activity detected by EEG. Because 
this residual electrical activity during arrest is associated 
with ongoing cerebral metabolism, an isoelectric state 
may prevent ischemic injury to the brain during circula-
tory arrest. EEG also may be useful in detecting the level 
and depth of anesthesia. Postoperative electroencepha-
lographic analysis has demonstrated subclinical seizure 
activity in a number of high-risk patients, potentially 
linking these abnormalities to poorer neuropsychologic 
outcome. The value of intraoperative electroencephalo-
graphic monitoring after CPB and the significance of the 
findings remains to be determined.

Transcranial Doppler imaging has been used primar-
ily for research purposes in infants and allows detection 
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of venous or arterial flow abnormalities and the detec-
tion of microemboli.64 This technology uses the Doppler 
principle to detect shifts in the frequency of reflected sig-
nals from blood in the middle cerebral artery to calculate 
blood flow velocity.65 Because the diameter of this large 
cerebral artery is relatively constant, flow velocity should 
approximate that of CBF. Transcranial Doppler imaging 
has several advantages: (1) it is noninvasive, (2) it does 
not require radiation exposure, and (3) it is a continu-
ous monitor. An additional advantage of this technique is 
the capability of assessing rapid alterations in blood flow 
velocity caused by temperature or perfusion changes, as 
commonly occur during cardiac surgery. The limitations 
of transcranial Doppler monitoring include (1) reproduc-
ibility, especially at low flow rates, when minute move-
ment of the patient’s head can dramatically alter signal 
intensity and alter baseline measurements, and (2) the 
lack of validating studies during hypothermic CPB, when 
temperature, reduced flow rates, and the laminar flow 
characteristics of nonpulsatile perfusion may limit the 
accuracy of CBF velocity measurements. CBF velocity 
measurements by TCD have reasonable correlation with 
more standard measures of CBF during normothermia, 
and some studies have examined its validity during hypo-
thermic CPB.66

Transcranial Doppler imaging has been used to inves-
tigate the effect of CPB and DHCA on cerebral hemody-
namics in children, as well as to assess the incidence of 
cerebral emboli. Recent studies examining the brain using 
TCD have enabled several investigative groups to provide 
important information regarding questions of normal 
and abnormal brain perfusion during cardiac surgery in 
children. Questions regarding cerebral perfusion pressure, 
autoregulation, effect of PacO2, and temperature have been 
addressed using transcranial Doppler imaging in children 
and are discussed subsequently.66-68 This technique also 
has provided qualitative information regarding the pres-
ence of gaseous emboli in the middle cerebral artery during 
cardiac surgery.69 Quantification of this important mecha-
nism of cerebral injury during cardiac surgery would be 
instructive. Future investigations using transcranial Dop-
pler should address this mechanism of injury, as well.

Centers with excellent outcomes may report “never” 
or “always” using NIRS during the perioperative care of 
neonates with CHD. Given that cerebral NIRS values 
have been shown to correlate with jugular venous bulb 
saturations, the interest in using NIRS as a way to non-
invasively assess O2 delivery to the brain is sensible.70 
Austin and associates reported the value of monitoring 
cerebral NIRS intraoperatively. They noted that cerebral 
oxyhemoglobin desaturation accounted for a majority 
of neurophysiologic abnormalities during multimodal-
ity neuromonitoring using NIRS, transcranial Doppler, 
and EEG.71 Over two thirds of the patients in their study 
had detectable neuromonitoring events, and a similar 
percentage of these events required intervention by the 
perfusionist, surgeon, or anesthesiologist. Surgical inter-
ventions, such as cannula repositioning, were performed 
in one fourth of the events, and the perfusionist inter-
vened in over half of the events. The incidence of post-
operative neurologic sequelae was also higher in those 
patients who had untreated events. During some specific 
surgical techniques, such as regional cerebral perfusion
NIRS monitoring may be of benefit in guiding intraopera
tive care.72,73 However, improved neurodevelopmenta
outcomes postoperatively has not been demonstrated.

CBF studies using xenon clearance technology have
improved the understanding of cerebrovascular dynamic
in young children during CPB and especially during deep
hypothermia and after periods of circulatory arrest.74-77 In
general, this investigational tool has described the effect
of CPB, temperature, and various perfusion technique
on CBF and, indirectly, on brain metabolism (Fig. 94-6)
Studies using this methodology have shown that some o
the mechanisms of CBF autoregulation, such as pressure
flow regulation, are lost with deep hypothermia and tha
cerebral reperfusion is impaired after a period of total cir
culatory arrest.

Induction and Maintenance of Anesthesia
The principles of intraoperative management of cardio
thoracic surgical procedures are based on an understand
ing of the pathophysiology of each disease process and
a working knowledge of the effects of the various anes
thetic and other pharmacologic interventions on a par
ticular patient’s condition (see also Chapter 92). Selecting
a technique for induction of anesthesia depends on the
degree of cardiac dysfunction, the cardiac defect, the
degree of sedation provided by the premedication, and
the presence or absence of an indwelling catheter. In chil
dren with good cardiac reserve, induction techniques can
be quite varied in well-monitored patients. The titration
of anesthetics for induction of anesthesia is more impor
tant than the specific anesthetic technique in patient
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Figure 94-6. Bar chart of the changes in cerebral blood flow (CBF
before, during, and after cardiopulmonary bypass (CPB) in 67 infant
and children (mean ± SD). Group A underwent repair with moder
ate hypothermic bypass (MoCPB) at 28° to 32° C; group B, with deep
hypothermic bypass at 18° to 22° C; and group C, with total circulator
arrest (TCA) at 18° C. Note the impaired cerebral reperfusion after tota
circulatory arrest (group C). Stage I, prebypass; stages II and III, dur
ing hypothermic bypass; stage IV, rewarmed on bypass; stage V, afte
bypass. (From Greeley WJ, Brusino FG, Ungerleider RM, et al: The effects o
cardiopulmonary bypass on cerebral blood flow in neonates, infants, and
children, Circulation 80:I209, 1989.)



with reasonable cardiac reserve. A wide spectrum of anes-
thetic induction techniques have been used safely and 
successfully, such as sevoflurane, isoflurane, and N2O; 
intravenous and intramuscular ketamine; and intrave-
nous propofol, fentanyl, and midazolam.78 For neonates 
undergoing open-heart surgery, opioid-relaxant induc-
tions are most prevalent, whereas older children with 
sufficient cardiac reserve typically receive inhaled induc-
tions with either sevoflurane or halothane. Ketamine is 
often used in anesthetic induction in patients with cya-
notic conditions because it increases SVR and cardiac out-
put, thereby diminishing the magnitude of right-to-left 
shunting. Administration of ketamine can be intravenous 
or intramuscular. An intramuscular injection may result 
in pain, agitation, and subsequent arterial desaturation.

Inhaled inductions are generally well received and 
tolerated by most children. An inhaled induction of 
anesthesia with sevoflurane can easily and safely be per-
formed even in cyanotic patients, such as those with TOF 
(Fig. 94-7). In these patients, who are at risk for right-
to-left shunting and systemic desaturation, oxygenation 
is well maintained with a good airway and ventilation 
despite halothane-induced reduction in systemic arte-
rial pressure.79 Skilled airway management and efficiency 
of ventilation are equally essential components of anes-
thetic induction. Yet the complexities of shunts and 
vascular resistance changes, as well as airway and ventila-
tion effects on the cardiovascular system, are of primary 
importance during the induction of anesthesia.

After anesthetic induction, intravenous access is estab-
lished or augmented as appropriate. A nondepolarizing 
muscle relaxant is usually administered and an intra-
venous opioid or inhaled anesthetic or both chosen for 
maintenance anesthesia. The child is preoxygenated with 
100% FiO2, and a lubricated nasal endotracheal tube is 
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Figure 94-7. Comparative changes in arterial oxygen saturation (Sao2) 
and mean arterial pressure (MAP) during mask halothane nitrous oxide 
(n = 7) and intramuscular ketamine (n = 7) inductions in children with 
tetralogy of Fallot (TOF) at risk for right-to-left shunting. Note the main-
tenance of Sao2 in the halothane group despite the significant drop in 
MAP. (From Greeley WJ, Bushman GA, Davis DP, et al: Comparative effects 
of halothane and ketamine on systemic arterial oxygen saturation in chil-
dren with cyanotic heart disease, Anesthesiology 65:666, 1986.)
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carefully positioned. A nasal tube is usually selected 
because in most patients who require an intraoperative 
TEE, postoperative mechanical ventilation, or both, a 
nasotracheal tube provides greater stability and patient 
comfort than with the oral route. Some degree of alveo-
lar preoxygenation is recommended, even in the infant 
whose systemic perfusion might be jeopardized by lower-
ing PVR with resulting increase in PBF. This maneuver 
delays desaturation during intubation. If the child arrives 
in the operating room with an endotracheal tube in 
place, it is our practice to change it. Inspissated secretions 
in a tube with a small internal diameter can cause sig-
nificant obstruction to gas flow. During periods of bypass 
when humidified ventilation is discontinued, signifi-
cant endotracheal tube obstruction can occur. This can 
be minimized by placing a new endotracheal tube at the 
beginning of the procedure.

Because of the diverse array of congenital heart defects 
and surgical procedures, an individualized anesthetic 
management plan is essential. The maintenance of anes-
thesia in these patients depends on the age and condi-
tion of the patient, the nature of the surgical procedure, 
the duration of the CPB, and the need for postoperative 
ventilation. An assessment of the hemodynamic objec-
tives designed to lessen the pathophysiologic loading 
conditions should be developed for each patient, taking 
advantage of the known qualitative effects of specific 
anesthetic drugs and ventilatory strategies. These indi-
vidualized plans must also be integrated with the overall 
perioperative goals to configure the optimal anesthetic. 
In patients with complex defects requiring preoperative 
inotropic and mechanical ventilatory support, a carefully 
controlled hemodynamic induction and maintenance 
anesthetic with a potent opioid is generally chosen. In 
patients with a simple ASD or VSD, a potent inhaled 
anesthetic is preferred. This allows for early postopera-
tive tracheal extubation and a less prolonged period of 
intensive care monitoring. More important than the spe-
cific anesthetic techniques and drugs is the skilled execu-
tion of the anesthetic plan, taking into account patient 
response to drugs, the changes associated with surgical 
manipulation, and early recognition of intraoperative 
complications.

The reported changes in arterial blood pressure and 
heart rate from the inhaled anesthetic in normal chil-
dren are observed in pediatric cardiac surgical patients 
as well (see Chapter 92). Although both halothane and 
isoflurane decrease blood pressure in neonates, infants, 
and children, the vasodilatory properties of isoflurane 
may improve overall myocardial contractility in contrast 
to the effects of halothane.80 Despite improved cardiac 
reserve with isoflurane, the incidence of laryngospasm, 
coughing, and desaturation during induction of anesthe-
sia limits its use as an induction agent in children with 
congenital heart defects.81 The use of potent inhaled 
anesthetics as primary anesthetics should be reserved for 
the child with adequate cardiovascular reserve who is a 
candidate for early postoperative extubation. In these 
patients, the myocardial depression and hypotension 
associated with the use of inhaled anesthetics are well 
tolerated. Examples include closure of an ASD or VSD, 
excision of a discrete subaortic membrane, pulmonic or 
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aortic stenosis, TOF, shunts, ligation of a PDA, and repair 
of coarctation of the aorta.

Desflurane has cardiorespiratory properties similar to 
those of isoflurane (also see Chapters 47 and 28).82 Its 
main advantage is low blood gas and tissue solubility. 
This allows for rapid equilibration between the inspired 
and alveolar concentrations and rapid decrease of alveo-
lar concentrations during elimination.83 This provides 
greater precision in drug dosing during the operative 
period and may make desflurane a more titratable adjunc-
tive drug for pediatric cardiac anesthesia. The three main 
disadvantages of desflurane are potency, pungency, and 
negative inotropic effect.84,85 Studies in normal infants 
and children suggest that 1 minimum alveolar concen-
tration (MAC) of desflurane requires concentrations of 
8% to 10%.86,87 Desflurane is also quite pungent, and, 
although its uptake is rapid, early experience with this 
drug for inhalation induction in children has reported 
a fairly high incidence of airway reactivity and laryngo-
spasm.87-89 Although its negative inotropic effect is sig-
nificantly less potent than that of halothane, desflurane 
should not be used as the sole anesthetic in patients with 
significant cardiac dysfunction.89

Sevoflurane offers a more tolerable aroma without the 
magnitude of myocardial depression that accompanies 
halothane.90 In addition, its blood gas solubility is nearly 
as low as that of desflurane. Hemodynamically, sevoflu-
rane tends to produce some tachycardia, particularly in 
older children, and preserve systemic arterial pressure.91 
Reductions in heart rate and systemic arterial pressure 
are more modest in infants anesthetized with sevoflurane 
than in control subjects anesthetized with halothane, and 
the former exhibit echocardiographic evidence of normal 
contractility and cardiac index. This effect is particularly 
seen in children with trisomy 21.92,93 Controversies con-
tinue to surround the potential toxic by-products of sevo-
flurane anesthesia, related to both patient metabolism and 
the production of compound A in the anesthesia breathing 
circuit. Although the importance of compound A in adult 
practice remains unclear, evidence suggests that produc-
tion of this toxin is significantly diminished in children.94

Children with complex CHD and limited cardiac reserve 
demand an anesthetic technique that provides hemody-
namic stability. Inhalation anesthetics are less well tolerated 
as a primary anesthetic in patients who have limited cardiac 
reserve, especially after CPB. Fentanyl is an excellent induc-
tion and maintenance anesthetic for this group of patients. 
Low-to-moderate doses of this opioid can be supplemented 
with inhalation anesthetics. Adding low concentrations of 
inhalation anesthetics to smaller doses of opioids shortens 
or eliminates the need for postoperative mechanical venti-
lation while maintaining the advantage of intraoperative 
hemodynamic stability. Postoperative mechanical ventila-
tion will be required when a high-dose opioid technique 
is used. The hemodynamic effects of fentanyl at a dose of 
25 μg/kg with pancuronium given to infants in the post-
operative period after operative repair of a congenital 
heart defect include no change in LAP, pulmonary artery 
pressure, PVR, and cardiac index and a small decrease in 
SVR and mean arterial pressure.95 Because of its cardiovas-
cular effects, pancuronium was an ideal neuromuscular 
blocking drug for pediatric heart surgery. Unfortunately, 
pancuronium is no longer available for clinical use. There-
fore, either vecuronium or rocuronium must be used (also 
see Chapter 34). Larger doses of fentanyl at 50 to 75 μg/kg  
with rocuronium or vecuronium doses of fentanyl at 50 to  
75 μg/kg with pancuronium result in a slightly larger 
decrease in arterial blood pressure and heart rate in infants 
undergoing repair for complex congenital heart defects.96 
Despite the wide safety margin exhibited by this opioid, a 
selected population of infants and children with marginally 
compensated hemodynamic function sustained by endog-
enous catecholamines may manifest more extreme cardio-
vascular changes with these doses. Fentanyl also has been 
shown to block stimulus-induced pulmonary vasoconstric-
tion and contributes to the stability of the pulmonary cir-
culation in neonates after congenital diaphragmatic hernia 
repair.97 Thus, the use of fentanyl may be extrapolated to 
the operating room, where stabilizing pulmonary vascular 
responsiveness in newborns and young infants with reac-
tive pulmonary vascular beds is crucial to weaning from CPB 
and stabilizing shunt flow. Fentanyl in the 5 to 10 μg/kg  
dose range should provide some analgesia, but still suffi-
cient ventilation to allow for postoperative extubation with 
stable hemodynamics during the procedure.

Historically, sufentanil and pancuronium have provided 
the same cardiovascular stability as with fentanyl and pan-
curonium in pediatric cardiovascular patients. As previously 
indicated, the lack of availability of pancuronium requires 
its replacement by vecuronium or rocuronium. Children 
receiving sufentanil for induction of anesthesia as a single 
dose of 5 to 20 μg/kg have a stable preintubation period.98,99 
Intubation and other stimuli such as sternotomy do not 
produce clinically significant alterations in hemodynam-
ics, although changes are more than with equipotent doses 
of fentanyl. The use of fentanyl as an infusion (0.1 μg/kg/
minute) produces fewer alterations in heart rate and blood 
pressure. This is particularly important in infants, in whom 
significant hemodynamic changes are poorly tolerated. For 
neonates with critical CHD, sufentanil anesthetic and post-
operative infusion reduce morbidity after cardiac surgery 
when compared with a halothane anesthetic and routine 
morphine postoperatively.100 The blunting of the stress 
response observed in this study probably accounted for the 
differences in morbidity; no comparison group representing 
a more typical dose of a phenylpiperidine opioid (e.g., fen-
tanyl, 0 to 75 μg/kg) was included to permit conclusions as 
to whether such large opioid doses are optimal.

In contrast to other opioids (see also Chapter 31), 
remifentanil, an ultra–short-acting opioid, offers the 
unique advantage of metabolism by nonspecific and tis-
sue esterases, thereby limiting the potential for accumu-
lation related to protracted elimination.101 Remifentanil 
may provide advantages in the selected group of patients 
for whom the blunting of endogenous responses is desir-
able intraoperatively but potentially deleterious at the 
end of the procedure. A randomized controlled trial com-
paring equipotent doses of alfentanil and remifentanil for 
outpatient pediatric surgery revealed delayed emergence, 
requiring naloxone only in the alfentanil group.104 In 
both adults and children, remifentanil is associated with 
qualitative hemodynamic changes similar to those with 
other opioids, a variable tendency to bradycardia, and a 
small decrease in arterial blood pressure.102-105



Chapter 94: Anesthesia for Pediatric Cardiac Surgery 2819

TABLE 94-7 SUFENTANIL PHARMACOKINETICS IN PEDIATRIC CARDIOVASCULAR PATIENTS*

Age Group t½ α (min) t½ β (min) Clearance (mL/kg/min) Vdss (L/kg)

1-30 days 23 ± 17 737 ± 346 6.7 ± 6.1 4.2 ± 1.0
1-24  mo 16 ± 5 214 ± 41 18.1 ± 2.7 3.1 ± 1.0
2-12  yr 20 ± 6 140 ± 30 16.9 ± 2.2 2.7 ± 0.5
12-18  yr 20 ± 6 209 ± 23 13.1 ± 0.4 2.7 ± 0.5

t½ α, Slow distribution half-life; t½ β, elimination half-life; Vdss, volume of distribution at steady state.
*All values are mean ± standard deviations (see reference 38).
vation of normal organ function during and after CPB. In 
addition to these prominent changes, subtle variations in 
glucose supplementation, cannula placement, presence 
Because of the widespread use of the opioids for pedi-
atric cardiac surgery and the availability of invasive moni-
toring, the pharmacokinetics and pharmacodynamics of 
these drugs have been well studied.98,104 In general, the 
clinical pharmacology of fentanyl and sufentanil share the 
same age-related pharmacokinetic and pharmacodynamic 
features. For example, sufentanil has increased clear-
ance in patients 1 month to 12 years of age, comparable 
adult clearance in adolescents (12 to 16 years of age), and 
decreased clearance during the neonatal period (newborn 
to 1 month of age) (Table 94-7).88,92 Furthermore, sequen-
tial sufentanil anesthetics in neonates with CHD show 
marked increases in clearance and elimination between 
the first week and the third or fourth week of life (Fig. 
94-8).94 The latter observation is most likely attributable 
to maturational changes in hepatic microsomal activity 
and improved hepatic blood flow from closure of the duc-
tus venosus. The variability in clearance and elimination, 
coupled with limited cardiovascular reserve in the neonate 
during the first month of life, makes opioid dosing difficult 
in this age group. Careful titration of fentanyl 5 to 10 μg/kg  
of or sufentanil 1 to 2 μg/kg of or a continuous infusion 
technique provides the most reliable method of achiev-
ing hemodynamic stability and an accurate dose response. 
CPB, different institutional anesthetic practices, and indi-
vidual patient differences influence pharmacokinetic and 
pharmacodynamic disposition of the opioids in ways that 
are not predictable. Even certain disease states such as TOF 
or pathophysiologic conditions such as increased intraab-
dominal pressure alter pharmacokinetic processes.95,96
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Figure 94-8. Sequential sufentanil clearance during the first month 
of life in three neonates with congenital heart disease. Clearance of 
sufentanil increases above adult rates within the neonatal period. 
(Data from Greeley WJ, de Bruijn NP: Changes in sufentanil pharmacoki-
netics within the neonatal period, Anesth Analg 67:86, 1988.)
Dexmedetomidine is an α2-agonist approved by the U.S. 
Food and Drug Administration for sedation in adults. It 
has been used in pediatric anesthesia as part of a balanced 
technique preoperatively and intraoperatively for sedation 
and anxiolysis and postoperatively for prevention of emer-
gence delirium and sedation.106 Potts and colleagues107 
summarized the pharmacokinetic data of dexmedetomi-
dine in children and found it to possess a larger volume of 
distribution, delayed elimination, and decreased clearance 
with significant interpatient variability in younger patients 
in contrast to adults. The pharmocodynamic effects of 
dexmedetomidine may be significant and should be kept 
in mind by the anesthesiologist when used in pediatrics. 
Hypotension and bradycardia are two of the most com-
monly reported effects of dexmedetomidine in children, 
although hypertension may be common as well.108 Dex-
medetomidine is known to demonstrate significant cardiac 
conduction effects, primarily bradycardia via depression of 
the sinus and AV node.109 It is recommended that dex-
medetomidine be used with caution in children at risk for 
bradycardia or sinus or AV node dysfunction. Dexmedeto-
midine also has been used as an adjunctivant for pain con-
trol in adults, although data supporting its use in children 
are lacking.110 At our institution, dexmedetomidine is used 
primarily for postprocedural sedation. Dexmedetomidine 
0.5 to 1 μg/kg may be given as a loading dose slowly over 
10 minutes. Infusions are often started at 0.3 to 1 μg/kg/hr 
if prolonged sedation is desired postoperatively.

CARDIOPULMONARY BYPASS

DIFFERENCES BETWEEN ADULT AND 
PEDIATRIC CARDIOPULMONARY BYPASS

The physiologic effects of CPB on neonates, infants, and 
children are significantly different from the effects on 
adults (Table 94-8) (see also Chapter 66). During CPB, 
pediatric patients are exposed to biologic extremes not 
seen in adults, including deep hypothermia (18° C), 
hemodilution (threefold to fivefold greater dilution of 
circulating blood volume), low perfusion pressures (20 to 
30 mm Hg), wide variation in pump flow rates (ranging 
from 200 mL/kg/minute to total circulatory arrest), and 
differing blood pH management techniques (α-stat, pH-
stat, or both sequentially). These parameters significantly 
differ from those of normal physiology and affect preser-
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TABLE 94-8 DIFFERENCES BETWEEN ADULT AND PEDIATRIC CARDIOPULMONARY BYPASS

Parameter Adult Pediatric

Hypothermic temperature Rarely below 25-30° C Commonly 15-20° C
Use of total circulatory arrest Rare Common
Pump prime
 Dilution effects on blood volume 25%-33% 150%-300%
 Additional additives in pediatric primes Blood, albumin
Perfusion pressures 50-80 mm Hg 20-50 mm Hg
Influence of α-stat versus pH-stat 

management strategy
Minimal at moderate hypothermia Marked at deep hypothermia

Measured Paco2 differences 30-45 mm Hg 20-80 mm Hg
Glucose regulation
 Hypoglycemia Rare—requires significant hepatic injury Common—reduced hepatic glycogen stores
 Hyperglycemia Frequent—generally easily controlled  

with insulin
Less common—
rebound hypoglycemia may occur
of aortopulmonary collaterals, and patient age may be 
important factors affecting organ function during CPB.

Adult patients are infrequently exposed to these bio-
logic extremes. In adult cardiac patients, temperature is 
rarely lowered below 25° C, hemodilution is more moder-
ate, perfusion pressure is generally maintained at 50 to 
80 mm Hg, flow rates are maintained at 50 to 65 mL/kg/
minute, and pH management strategy is less influential 
because of moderate hypothermic temperatures and rare 
use of circulatory arrest. Variables such as glucose supple-
mentation rarely pose a problem in adult patients owing 
to large hepatic glycogen stores. Venous and arterial can-
nulas are larger and less deforming of the atria and aorta, 
and their placement is more predictable. Although super-
ficially similar, the conduct of CPB in children is consid-
erably different from that in adults. Marked physiologic 
differences in the response to CPB in children can occur. 
Additionally, several modifiable intraoperative factors 
can influence neuropsychologic morbidity (Box 94-3).

Volume of Priming Solutions
The priming solutions used in pediatric CPB take on great 
importance because of the disproportionately large prim-
ing volume–to–blood volume ratio in children. In adults, 
the priming volume is equivalent to 25% to 33% of the 
patient’s blood volume, whereas in neonates and infants 
the priming volume may exceed the patient’s blood vol-
ume by 200%. With contemporary low-volume bypass 
circuits (e.g., small volume oxygenators, smaller tubing), 
priming volume is not more than one blood volume in a 
small neonate. Care must be taken, therefore, to achieve 

h
C
l
u

Air or particulate embolus
Rate and depth of core cooling (if used)
Deep hypothermic circulatory arrest (if used)
Reperfusion injury and inflammation
Rate of core rewarming/hyperthermia
Hyperglycemia
Hyperoxia
pH management during cardiopulmonary bypass
Hematocrit management during cardiopulmonary bypass

BOX 94-3 Central Nervous System Injury and 
Potential Modifiable Intraoperative Factors
a physiologically balanced priming solution and limit the 
volume as much as possible. Most pediatric priming solu-
tions, however, have quite variable levels of electrolytes, 
calcium, glucose, and lactate. Electrolytes, glucose, and lac-
tate levels may be quite high if the solution includes large 
amounts of banked blood or quite low if a minimal amount 
of banked blood is added. Calcium levels are generally very 
low in pediatric priming solutions; this may contribute to 
the rapid slowing of the heart with the initiation of bypass.

The main constituents of the priming solution include 
crystalloid, banked blood (to maintain a temperature-
appropriate hematocrit), and colloid. Other supplements 
that may be added to the prime are mannitol, a buffer 
(sodium bicarbonate or trishydroxymethylaminometh-
ane [THAM]), and steroids. Many institutions add colloid 
or fresh frozen plasma to the pump prime in neonates 
and small infants or use whole blood in the priming 
solution. Low concentrations of plasma proteins have 
been shown experimentally to impair lymphatic flow 
and alter pulmonary function by increasing capillary 
leak.111 Although adding albumin to the pump prime 

as not been shown to alter outcome in adults during 
PB, one study suggested that maintaining normal col-

oid osmotic pressure may improve survival in infants 
ndergoing CPB.112,113

The addition of fresh frozen plasma or whole blood (see 
also Chapters 61 and 62) is an attempt to restore the level 
of procoagulants, which are severely diluted with CPB in 
infants. For neonates and infants, blood must be added to 
the priming solution. Most institutions use packed RBCs, 
but some use whole blood. The use of whole blood supple-
ments both RBCs and the coagulation factors with a single 
donor exposure. In fact, low-volume bypass circuits may 
enable perfusionists and anesthesiologists to share a single 
unit of whole blood, thereby limiting the donor exposure 
to one throughout the entire perioperative course.

The addition of any blood products will cause a much 
higher glucose load in the priming solution. Hyper-
glycemia may increase the risk for neurologic injury if 
brain ischemia occurs. Mannitol is added to promote an 
osmotic diuresis and scavenge O2 free radicals from the 
circulation. Steroids are added to stabilize membranes to 
produce the theoretic advantage of reducing ion shifts 
during periods of ischemia. Steroids, however, may raise 
glucose levels, and this may be detrimental if there is a 
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hypoxemia or those with moderate-to-severe myocardial 
period of cerebral ischemia. Steroids remain one of the 
more controversial additives in priming solutions.

Temperature
Hypothermic CPB is used to preserve organ function dur-
ing cardiac surgery (see also Chapter 93). Three distinct 
methods of CPB are used: moderate hypothermia (25° to 
32° C), deep hypothermia (18° C), and DHCA. The choice 
of method of bypass is based on the required surgical 
conditions, patient size, type of operation, and potential 
physiologic impact on the patient.

Moderate hypothermic CPB is the principal method 
of bypass employed for older children and adolescents. 
In these patients, venous cannulas are less obtrusive and 
the heart can easily accommodate superior and inferior 
vena cava cannulation. Bicaval cannulation reduces right 
atrial blood return and improves the surgeon’s ability to 
visualize intracardiac anatomy. Moderate hypothermia 
may also be chosen for less demanding cardiac repairs in 
infants, such as an ASD or an uncomplicated VSD. Most 
surgeons are willing to cannulate the inferior and superior 
venae cavae in neonates and infants. In these patients, 
however, this approach is technically more difficult and 
likely to induce brief periods of hemodynamic instabil-
ity. Additionally, the pliability of the venae cavae and the 
rigidity of the cannulas may result in caval obstruction, 
impaired venous drainage, and elevated venous pressure 
in the mesenteric and cerebral circulation.

Deep hypothermic CPB is generally reserved for neonates 
and infants requiring complex cardiac repair. However, cer-
tain older children with complex cardiac disease or severe 
aortic arch disease benefit from deep hypothermic temper-
atures. For the most part, deep hypothermia is selected to 
allow the surgeon to operate under conditions of low-flow 
CPB or total circulatory arrest. Low pump flows (50 mL/kg/
minute) improve the operating conditions for the surgeon 
by providing a nearly bloodless field. DHCA allows the sur-
geon to remove the atrial or aortic cannula. If this technique 
is used, surgical repair is more precise because of the blood-
less and cannula-free operative field. Arresting the circula-
tion, even at deep hypothermic temperatures, introduces 
the concern of how well deep hypothermia preserves organ 
function, with the brain being at greatest risk.

Hemodilution
Hemodilution has been used during CPB to decrease 
homologous blood use and has been thought to improve 
microcirculatory flow by reducing blood viscosity. 
Although hemoconcentrated blood has an improved 
O2-carrying capacity, its viscosity reduces efficient flow 
through the microcirculation. With hypothermic tem-
peratures, blood viscosity increases significantly and flow 
decreases. Hypothermia, coupled with the nonpulsatile 
flow of CPB, impairs blood flow through the microcircu-
lation. Blood sludging, small vessel occlusion, and mul-
tiple areas of tissue hypoperfusion may result. Therefore, 
hemodilution is an important consideration during hypo-
thermic CPB. The appropriate level of hemodilution for 
a given hypothermic temperature, however, is not well 
defined. However, hemodilution also reduces perfusion 
pressure; increases CBF, thereby potentially increasing the  
microembolic load to the brain; and reduces the O2-carrying 
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apacity of blood.114 Using an animal model, one group of 
vestigators found that extreme hemodilution to a hema-
crit less than 10% resulted in inadequate O2 delivery, but 
ith higher hematocrit levels of 30%, there was improved 

erebral recovery after DHCA.115 Jonas and colleagues116 
onfirmed these findings in a randomized trial using two 
emodilution protocols (20% versus 30% hematocrit) in 
fants younger than 9 months of age. Developmental out-

omes were assessed at follow-up at 1 year of age with the 
ayley Scales of Infant Development. In the short term, the 
roup with lower hematocrit values had lower nadirs of car-
iac index, higher serum lactate levels 1 hour after CPB, and 
 greater increase in total body water on the first postopera-
ve day. At 1 year of age, mental development index scores 
ere similar but psychomotor development index scores 
ere significantly lower in the group with lower hemato-

rit values. Also, infants in the this group had psychomotor 
evelopment scores that were 2 standard deviations below 
e mean. Because RBCs serve as the major reservoir of 
2 during circulatory arrest, especially during rewarming, 
ematocrit values closer to 30% are generally preferred for 
eep hypothermia when this technique is contemplated. 
urrently, most centers maintain hematocrit levels approxi-
ately 25% to 30% during CPB, enhancing O2 delivery to 

ital organs such as the brain. Cerebral O2 delivery is an 
specially important consideration because cerebral auto-
gulation is impaired at deep hypothermic temperatures 

nd after DHCA.
To achieve a hematocrit level of 25% to 30% in neo-

ates and infants, banked blood should be added to the 
riming solution. The mixed hematocrit level on CPB 
he hematocrit level of the total priming volume plus 

he patient’s blood volume) can be calculated by the fol-
wing formula:

HctCBP = BVpt × HCTpt/BVpt + TPV 

here HctCPB is the mixed hematocrit (TPV + BVpt), BVpt 
 the patient’s blood volume (weight in kilograms × esti-
ated blood volume in milliliters per kilogram), TPV is the 
tal priming volume, and Hctpt is the starting hematocrit 
vel of the patient. This calculation allows an estimate of 

he hematocrit level of the patient using an asanguineous 
riming solution and is therefore useful for older children 
nd adolescents. In neonates and infants, the perfusionist 
ust add blood to the pump prime to achieve a desired 

ematocrit level during hypothermic CPB. The following 
rmula estimates the amount of packed RBCs in millili-

ers that must be added to the prime volume to achieve 
his hematocrit level:

 Added RBCs (mL)
= (BVpt + TPV) (Hctdesired) − (BVpt) (Hctpt)

 

here BVpt is the patient’s blood volume, TPV is the total 
riming volume, Hctdesired is the desired hematocrit level on 
PB, and Hctpt is the starting hematocrit level of the patient.

The optimal hematocrit level after weaning from CPB 
 not clear. Likewise, the adult transfusion trigger is not 
lear (see also Chapter 61). Decisions concerning post-
PB hematocrit levels are made based on the patient’s 
ostrepair function and anatomy. Patients with residual 
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dysfunction benefit from the improved O2-carrying capac-
ity of hematocrit levels of 40% or higher. Patients with 
a physiologic correction and excellent myocardial func-
tion may tolerate hematocrit levels of 25% to 30%.117 In 
children with mild-to-moderate myocardial dysfunction, 
accepting hematocrit values between these levels seems 
prudent. Therefore, in patients with physiologic correc-
tion, moderately good ventricular function, and hemody-
namic stability, the risks associated with blood and blood 
product transfusion should be strongly considered during 
the immediate postbypass period.

BLOOD GAS MANAGEMENT

The theoretic benefit of α-stat versus pH-stat blood gas 
management during hypothermic CPB has been a topic 
of great debate (see also Chapters 60 and 94). Although 
the pH-stat strategy may not be optimal for adults in 
whom the principal risk for brain injury is microembo-
lism, this risk is thought to be lower in infants because of 
the lack of atherosclerotic disease. With pH-stat manage-
ment, the addition of CO2 to the inspired gas mixture 
during cooling on CPB increases CBF and may improve 
cerebral tissue oxygenation and outcomes.

The controversial issue of pH management during CPB 
has been addressed in a large study from Boston Children’s 
Hospital. In this study, infants younger than 9 months 
of age were randomized to α-stat versus pH-stat during 
deep hypothermic CPB with excellent long-term follow-
up.118,119 Neurodevelopmental outcomes were evaluated 
in infants undergoing biventricular repair for a variety of 
cardiac defects when younger than 9 months of age. The 
short-term benefits identified with the pH-stat strategy 
included a trend toward less postoperative morbidity and 
shorter recovery time to first electroencephalographic 
activity. In patients with TGA, there was a shorter dura-
tion of intubation and ICU stay in patients.118 However, 
the use of either the α-stat or pH-stat strategies was not 
consistently related to either improved or impaired neu-
rodevelopmental outcomes at 2- and 4-year follow-up.119

INITIATION OF CARDIOPULMONARY 
BYPASS

Arterial and venous cannula in the heart before initiating 
CPB may result in significant problems in the peribypass 
period. A malpositioned venous cannula has the potential 
for vena cava obstruction. The problems of venous obstruc-
tion are magnified during CPB in the neonate because 
arterial pressures are normally low (20 to 40 mm Hg), and 
large, relatively stiff cannulas easily distort these very pli-
able venous vessels.111,113 A cannula in the inferior vena 
cava may obstruct venous return from the splanchnic bed, 
resulting in ascites from increased hydrostatic pressure or 
directly reduced perfusion pressure across the mesenteric, 
renal, and hepatic vascular beds. Significant renal, hepatic, 
and gastrointestinal dysfunction may ensue and should be 
anticipated in the young infant with unexplained ascites. 
Similar cannulation problems may result in superior vena 
cava obstruction. This condition may be more ominous 
during bypass. Under these circumstances, three problems 
may ensue: (1) cerebral edema, (2) a reduction in regional 
or global CBF, and (3) reduced proportion of pump flow 
reaching the cerebral circulation, causing inefficient brain 
cooling.

In the operating room, superior vena cava pressures 
via an internal jugular catheter should be monitored 
by examining the patient’s head for signs of suffusion 
after initiating bypass. Discussions with the perfusionist 
regarding adequacy of venous return and large cooling 
gradients between the upper and lower body should alert 
the anesthesiologist and the surgeon to potential venous 
cannula problems. Patients with anomalies of the large 
systemic veins (persistent left superior vena cava or azy-
gous continuation of an interrupted inferior vena cava) 
are at particular risk for problems with venous cannula-
tion and drainage.

Problems with aortic cannula placement can occur. 
The aortic cannula may slip beyond the takeoff of the 
innominate artery, with blood therefore selectively flow-
ing to the right side of the cerebral circulation. Also, the 
position of the tip of the cannula may promote prefer-
ential flow down the aorta or induce a Venturi effect to 
steal flow from the cerebral circulation. This problem has 
been confirmed during CBF monitoring by the appear-
ance of large discrepancies in flow between the right 
and left hemispheres after initiating CPB. The presence 
of large aortic-to-pulmonary collaterals, such as a large 
PDA, also may divert blood to the pulmonary circulation 
from the systemic circulation, thereby reducing CBF and 
the efficiency of brain cooling during CPB. The surgeon 
should gain control of the ductus either before or imme-
diately after instituting CPB to eliminate this problem 
and, if possible, large aortopulmonary collaterals should 
be embolized in the cardiac catheterization laboratory 
before the operative procedure. Neonates with significant 
aortic arch abnormalities (e.g., aortic atresia, interrupted 
aortic arch) may require radical modifications of cannula-
tion techniques, such as placing the arterial cannula in 
the main pulmonary artery and temporarily occluding 
the branch pulmonary arteries to perfuse the body via the 
PDA or even dual arterial cannulation of both the ascend-
ing aorta and main pulmonary artery. Such adaptations 
require careful vigilance to ensure effective, thorough 
perfusion and cooling of vital organs.

Once the aortic and venous cannulas are positioned 
and connected to the arterial and venous limb of the 
extracorporeal circuit, bypass is initiated. The arterial 
pump is slowly started, and, once forward flow is ensured, 
venous blood is drained into the oxygenator. Pump flow 
rate is gradually increased until full circulatory support is 
achieved. If venous return is diminished, arterial line pres-
sure is high, or mean arterial pressure is excessive, pump 
flow rates must be reduced. High line pressure and inad-
equate venous return are usually caused by malposition 
or kinking of the arterial and venous cannulas, respec-
tively. The rate at which venous blood is drained from the 
patient is determined by the height difference between 
the patient and the oxygenator inlet and the diameter of 
the venous cannula and line tubing. Venous drainage can 
be increased by using vacuum-assisted drainage under 
certain circumstances.

In neonates and infants, deep hypothermia is com-
monly used. For this reason, the pump prime is kept cold 



(18° to 22° C). When the cold perfusate contacts the myo-
cardium during the institution of CPB, heart rate slows 
immediately and contraction is impaired. The contribu-
tion of total blood flow pumped by the infant’s heart rap-
idly diminishes. Therefore, to sustain adequate systemic 
perfusion at or near normothermic temperatures, the 
arterial pump must reach full flows quickly.

CPB is initiated in neonates and infants by beginning 
the arterial pump flow first. Once aortic flow is ensured, 
the venous line is unclamped and blood is siphoned out 
of the RA into the inlet of the oxygenator. Flowing before 
unclamping the venous line prevents the potential prob-
lem of exsanguination if aortic dissection or misplacement 
of the aortic cannula occurs. Neonates and infants have 
a low blood volume–to–priming volume ratio, and intra-
vascular volume falls precipitously if the venous drainage 
precedes aortic inflow. Once the aortic cannula position 
is verified, pump flow rates are rapidly increased to main-
tain effective systemic perfusion. Because coronary artery 
disease is rarely a consideration, the myocardium should 
cool evenly unless distortion caused by the cannulas com-
promises the coronary arteries. When a cold prime is used, 
caution must be exercised in using the pump to infuse 
volume before initiating CPB. Infusion of cold perfusate 
may result in bradycardia and impaired cardiac contractil-
ity before the surgeon is prepared to initiate CPB.

Once CPB is begun, appropriate circuit connections, 
myocardial perfusion, and optimal cardiac decompres-
sion should be confirmed. Ineffective venous drainage 
can rapidly result in ventricular distention. This is espe-
cially true in infants and neonates, in whom ventricular 
compliance is low and the heart is relatively intolerant of 
excessive preload augmentation. If ventricular distention 
occurs, pump flow must be reduced and the venous can-
nula repositioned. Alternatively, the heart may be decom-
pressed by placing a cardiotomy suction catheter or small 
vent in the appropriate chamber.

PUMP FLOW RATES

Recommendations for optimal pump flow rates for chil-
dren have historically been based both on the patient’s 
body mass and on evidence of efficient organ perfusion as 
determined by arterial blood gases, acid-base balance, and 
whole-body O2 consumption during CPB.120 At hypother-
mic temperatures, metabolism is reduced, and CPB flow 
rates can therefore be reduced and still meet or exceed the 
tissue’s metabolic needs (see the discussion of low-flow 
CPB in the following section).

SPECIAL TECHNIQUES

Deep Hypothermic Circulatory Arrest
A certain subset of neonates, infants, and children with 
CHD require extensive repair of complex congenital 
heart defects using DHCA. This technique facilitates 
precise surgical repair under optimal conditions, free of 
blood or cannulas in the operative field and providing 
maximal organ protection and often resulting in short-
ened total CPB time. The scientific rationale for the use 
of deep hypothermic temperatures rests primarily on a 
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temperature-mediated reduction of metabolism. Whole-
body and cerebral O2 consumption during induced hypo-
thermia decreases the metabolic rate for O2 by a factor 
of 2 to 2.5 for every 10° C reduction in temperature.121 
These results are consistent with in-vitro models, which 
relate temperature reduction to a decrease in the rate 
constant of chemical reactions, as originally described by 
Arrhenius using the equation k = Ae − RT. The reduction 
in O2 supply during deep hypothermic low-flow CPB is 
associated with preferential increases in vital organ perfu-
sion (e.g., to the brain) and increased extraction of O2.122 
Therefore, to some extent, deep hypothermic low-flow 
CPB exerts a protective effect by reducing the metabolic 
rate for O2, promoting preferential organ perfusion, and 
increasing tissue O2 extraction.

The duration of the safe period of DHCA has not 
clearly been delineated.123 Although all organ systems 
are at risk for the development of ischemic and reper-
fusion injury, as manifested by lactate and pyruvate 
production during DHCA, the brain appears to be the 
most sensitive to and the least tolerant of these effects. 
Brainstem and cortical evoked potentials as well as pro-
cessed electroencephagraphs are altered after DHCA.123-

125 The abnormalities in the evoked potentials appear to 
be related to the duration of DHCA and are attributed to 
altered metabolism. During reperfusion after the arrest 
period, CBF and metabolism remain depressed in neo-
nates and small infants (Fig. 94-9; also see Fig. 94-6).76 
Importantly, during the use of these extremes of temper-
ature, it appears that autoregulation is lost and cerebral 
perfusion becomes highly dependent on the conduct 
of extracorporeal perfusion and presumably postbypass 
hemodynamic performance.

The potentially deleterious effects of prolonged DHCA 
in infants and neonates are well described. In general, it 
is agreed that very prolonged periods of uninterrupted 
DHCA may have adverse neurologic outcomes. However, 
considerable disagreement exists if a “safe” period of 
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DHCA exists and whether patient-specific, procedure-spe-
cific, or postoperative management strategies may atten-
uate or promote CNS damage from DHCA. Cases have 
been reported of detrimental effects of DHCA on a variety 
of outcomes regarding the CNS and others on either an 
inconsistent effect or no effect.118,126,127 Three issues have 
become clear over time: (1) The effects of short durations 
of DHCA are inconsistently related to adverse outcomes, 
(2) the effect of DHCA is not a linear phenomenon, and 
(3) the effects are most likely modified by other patient-
related, preoperative, and postoperative factors.127-129 A 
recent large-scale study of 549 subjects undergoing the 
Norwood stage 1 procedure with DHCA found duration 
of greater than 45 minutes to be a risk factor for 30-day 
mortality.130

Regional Cerebral Perfusion
Some surgeons have developed innovative and chal-
lenging strategies to provide continuous cerebral perfu-
sion during complex reconstruction of the aortic arch or 
intracardiac repair to avoid or minimize the use of DHCA. 
However, avoiding DHCA, the duration of CPB is neces-
sarily lengthened, and longer durations of CPB have been 
shown to adversely affect both short- and long-term out-
comes.58,59 The relative risks and benefits of longer CPB 
versus less (or no) DHCA remain a subject of continued 
controversy. In efforts to study this newer strategy, two 
recent studies have evaluated the technique of regional 
cerebral perfusion. In one nonrandomized study from 
Boston, Wypij and colleagues131 followed 29 infants 
who underwent a stage I palliation, 9 of whom received 
regional cerebral perfusion at 30 to 40 mL/kg/minute.131 
The authors reported no difference in mental or psycho-
motor developmental indices at 1 year of age between 
the regional cerebral perfusion group and those who 
received DHCA as a primary strategy. A group from the 
University of Michigan published a larger, randomized 
trial of DHCA with or without regional cerebral perfusion 
at 20 mL/kg/minute in patients with a functional single 
ventricle, with long-term studies that are in the planning 
stages.132 A total of 77 patients were enrolled with similar 
survival to hospital discharge (88%) and at 1-year follow-
up (75%). No significant difference was seen in either the 
psychomotor development index or the mental develop-
ment index scores between the two groups at any time 
points, although the scores tended to be lower in the 
regional cerebral perfusion group.

Glucose Regulation
The detrimental effects of hyperglycemia during com-
plete, incomplete, and focal cerebral ischemia are well 
demonstrated (see also Chapter 39).133,134 The role of 
glucose in potentiating cerebral injury appears to rest on 
two factors: adenosine triphosphate (ATP) usage and lac-
tic acidosis.135,136 The anaerobic metabolism of glucose 
requires phosphorylation and the expenditure of two 
molecules of ATP before ATP production can occur. This 
initial ATP expenditure may result in a rapid depletion of 
ATP and may explain why hyperglycemia worsens neuro-
logic injury. Lactic acidosis is also important in glucose-
augmented cerebral injury. Its important role, however, 
may be as a glycolytic enzyme inhibitor. Lactate slows 
anaerobic ATP production by inhibiting glycolysis imme-
diately after ATP is consumed in the phosphorylation of 
glucose.137

Although the detrimental effects of hyperglycemia dur-
ing ischemia are clear, very little evidence supports a rela-
tionship between a worsening neurologic outcome and 
hyperglycemia during CPB or DHCA in children. Although 
a retrospective review of 34 children undergoing DHCA 
suggested a worse neurologic outcome in the hyperglyce-
mic children, the results were reported as a nonsignificant 
statistical trend.138 A review of acquired neurologic lesions 
in patients undergoing the Norwood stage I procedure for 
hypoplastic left heart syndrome suggested hyperglycemia 
as a significant associated finding in patients with exten-
sive cerebral necrosis or intraventricular hemorrhage. A 
host of other potentially damaging factors (e.g., periods of 
hypoxia, low diastolic and systolic pressure, thrombocyto-
penia) were statistically associated with the observed neu-
ropathology.139 Whether glucose directly contributes to 
neurologic injury or merely serves as a marker for a high-
risk population that ultimately suffers neurologic insult as 
a result of other factors is not clear.

Hypoglycemia is a frequent concern in neonates 
during the perioperative period (see also Chapter 94). 
Reduced hepatic gluconeogenesis coupled with decreased 
glycogen stores places the newborn at increased risk for 
hypoglycemic events. In newborns with CHD, reduced 
systemic perfusion (e.g., critical coarctation, hypoplastic 
left heart syndrome, critical aortic stenosis) may result in 
worsening hepatic biosynthesis, further impairing glu-
cose production. These patients may be fully dependent 
on exogenous glucose; therefore, it is not uncommon for 
them to require 20% to 30% dextrose infusions to main-
tain euglycemia in the prebypass period. Older children 
are not immune to hypoglycemic events and are therefore 
susceptible to hypoglycemia-induced neurologic injury. 
Patients with low cardiac output states (cardiomyopa-
thies, pretransplant patients, critically ill postoperative 
patients) requiring reoperation and when on substantial 
inotropic support are at risk for reduced glycogen stores 
and intraoperative hypoglycemia.140

The impact of hypoglycemia during CPB is further 
complicated by the consequences of hypothermia, CO2 
management, and other factors that may modify normal 
cerebrovascular responses during bypass. In a dog model, 
insulin-induced hypoglycemia to 30 mg/dL did not alter 
the electroencephalographic findings. However, after 10 
minutes of hypocapnic hypoglycemia, the electroen-
cephalogram became flat.141 When regional blood flow 
was examined in these animals, cortical and hippocam-
pal blood flow remained normal whereas other regions of 
the brain had reduced flow. The loss of electroencephalo-
graphic activity from hypoglycemia alone does not nor-
mally occur above glucose levels of 8 mg/dL.142

During deep hypothermic CPB and DHCA, CBF and 
metabolism are altered. The additive effect of hypoglyce-
mia, even if mild, may cause alterations in cerebral auto-
regulation and culminate in increased cortical injury.139 
The common practice of using hyperventilation to reduce 
PVR in neonates and infants during weaning from CPB 
and in the early postbypass period can further exacer-
bate hypoglycemic injury. Glucose monitoring and rigid 



maintenance of euglycemia are an important part of CPB 
management in the patient with CHD.

Renal Effects
After CPB, the combined effects of hypothermia, non-
pulsatile perfusion, and reduced mean arterial pressure 
cause release of angiotensin, renin, catecholamines, and 
antidiuretic hormones.143-145 These circulating hormones 
promote renal vasoconstriction and reduce renal blood 
flow. However, despite the negative impact of CPB on 
renal function, low-flow, low-pressure, nonpulsatile per-
fusion has not been linked with postoperative renal dys-
function (Table 94-9).144 The factors that best correlate 
with postoperative renal dysfunction are preoperative 
renal dysfunction and profound reductions in post-CPB 
cardiac output. Preoperative factors include primary renal 
disease, low cardiac output, and dye-related renal injury 
after cardiac catheterization.145

The incidence of acute renal insufficiency after pedi-
atric cardiac surgery is approximately 8%. Multiple caus-
ative factors are involved, and the final common result is 
oliguria and an increased serum creatinine. Diuretics have 
been the mainstay of promoting urine flow after pediatric 
CPB. Furosemide in a dose of 1 to 2 mg/kg or ethacrynic 
acid 1 mg/kg every 4 to 6 hours, or both, induces diuresis 
and may reverse renal cortical ischemia associated with 
CPB. After DHCA, a 24-hour period of oliguria or anuria 
can occur that resolves over the next 12- to 24-hour 
period. The use of diuretics is effective only after sponta-
neous urine output has been initiated in these patients.

Glomerular filtration rate, creatinine clearance, and 
medullary concentrating ability are substantially reduced 
in neonates and young infants. Therefore, the use of CPB 
in these patients results in greater fluid retention than is 
typically seen in older children and adult patients. The 
net result may be increased total body water, increased 
organ weight (e.g., lungs, heart), and greater difficulty 

TABLE 94-9 SEQUELAE OF PEDIATRIC 
CARDIOPULMONARY BYPASS

End-Organ Injury Cause and Signs

Renal injury Organ immaturity, preexisting renal disease
Post–cardiopulmonary bypass low cardiac 

output, use of DHCA
Renal dysfunction characterized by reduced 

GFR and ATN
Pulmonary injury Endothelial injury, increased capillary leak, 

complement activation, and leukocyte 
degranulation

Pulmonary dysfunction characterized by 
reduced compliance, reduced FRC, and 
increased A-a gradient

Cerebral injury 
after DHCA

Loss of autoregulation, suppressed 
metabolism and cerebral blood flow, 
cellular acidosis, and cerebral vasoparesis

CNS dysfunction characterized by seizures, 
reduced developmental quotients, 
choreoathetosis, learning disabilities, 
behavioral abnormalities

A-a, alveolar-arterial; ATN, acute tubular necrosis; CNS, central nervous 
system; DHCA, deep hypothermic circulatory arrest; FRC, functional 
residual capacity; GFR, glomerular filtration rate.
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with postoperative weaning from ventilatory support. 
The use of ultrafiltration during rewarming or after CPB is 
effective in reducing total body water, limiting the dam-
aging effects of CPB, and decreasing the postoperative 
ventilation period.146,147

Pulmonary Effects
Cardioplegia protects the heart, but no parallel protection 
is afforded the lung during bypass. Pulmonary dysfunc-
tion is common after CPB, and its pathogenesis is poorly 
understood (see Table 94-9). In the broadest terms, lung 
injury is mediated in one of two ways: first, by an inflam-
matory response resulting from leukocyte and comple-
ment activation and, second, by a mechanical effect 
culminating in surfactant loss, atelectasis with resultant 
ventilation-perfusion mismatch, loss of lung volumes, 
and altered mechanics of breathing.

Pulmonary function after CPB is characterized by 
reduced static and dynamic compliance, reduced func-
tional residual capacity, surfactant deficiency, and an 
increased A-a gradient.148,149 Atelectasis and increased 
capillary leak due to hemodilution and hypothermic CPB 
are the most likely causes. Hemodilution reduces circulat-
ing plasma proteins, reducing intravascular oncotic pres-
sure, and favors water extravasation into the extravascular 
space. Hypothermic CPB causes complement activation 
and leukocyte degranulation.150 Leukocytes and comple-
ment are important in causing capillary-alveolar mem-
brane injury and microvascular dysfunction through 
platelet plugging and release of mediators, which increase 
PVR. The technique of MUF is highly effective in reduc-
ing lung water and pulmonary morbidity during the post-
operative period.

STRESS RESPONSE AND 
CARDIOPULMONARY BYPASS

The release of a large number of metabolic and hormonal 
substances, including catecholamines, cortisol, growth 
hormone, prostaglandins, complement, glucose, insulin, 
endorphins, and other substances, characterizes the stress 
response during hypothermic CPB.11,151 The likely causes 
of the elaboration of these substances include contact of 
blood with the nonendothelialized surface of the pump 
tubing and oxygenator, nonpulsatile flow, low perfusion 
pressure, hemodilution, hypothermia, and light anesthe-
sia depth. Other factors that may contribute to elevations 
of stress hormones include delayed renal and hepatic 
clearance during hypothermic CPB, myocardial injury, 
and exclusion of the pulmonary circulation from bypass. 
The lung is responsible for metabolizing and clearing 
many of these stress hormones. The stress response gen-
erally peaks during rewarming from CPB. Strong evi-
dence indicates that the stress response can be blunted by 
increasing the depth of anesthesia.11,151

When do elevated circulating stress hormones, a nor-
mal neonatal adaptive response, become detrimental? 
These substances can mediate undesirable effects such as 
myocardial damage (catecholamines), systemic and pul-
monary hypertension (catecholamines, prostaglandins), 
pulmonary endothelial damage (complement, prostaglan-
dins), and pulmonary vascular reactivity (thromboxane). 
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The benefits of controlling the stress response with fen-
tanyl in premature infants undergoing PDA ligation and 
with sufentanil in neonates with complex CHD have 
been demonstrated.100,152 Although blunting the stress 
response seems warranted, additional evidence suggests 
that the newborn stress response, especially the endog-
enous release of catecholamines, may be an adaptive met-
abolic response necessary for survival at birth.153 Thus, 
the complete elimination of an adaptive stress response 
may not be desirable. To what extent acutely ill neonates 
with CHD depend on the stress response for maintaining 
hemodynamic stability is currently unknown.

A depth of anesthesia adequate to attenuate the stress 
response should be used, but to attempt to block the 
response altogether may not be necessary. Acceptable 
anesthesia during CPB may be best accomplished by the 
continuous administration of an inhaled anesthetic via 
a vaporizer connected to the pump oxygenator, careful 
titration of incremental doses of opioids, or the pre-
cise administration of an opioid or opioid and benzo-
diazepine by a continuous infusion technique. Primary 
opioid anesthetic techniques result in reduced stress 
hormone release and decreased postoperative metabolic 
acidosis and lactate production compared with primary 
halothane anesthesia and may therefore be a preferred 
technique in complex CHD.100 If an adequate depth 
of anesthesia is accomplished by the administration of 
excessively large doses of opioids (e.g., fentanyl or sufen-
tanil), postoperative mechanical ventilation will be nec-
essary. By contrast, residual levels of inhaled anesthetics 
(e.g., halothane or isoflurane) can produce transient 
myocardial depression at the termination of CPB, com-
plicating separation from CPB. Because of the improved 
surgical techniques coupled with the reduced morbidity 
of CPB, the use of high doses of an opioid anesthetic is 
infrequent in our current practice.

DISCONTINUATION OF 
CARDIOPULMONARY BYPASS

In separating the patient from CPB, blood volume is 
assessed by direct visualization of the heart and moni-
toring right atrial or left atrial filling pressures (see also 
Chapter 66). When filling pressures are adequate, the 
patient is fully warmed, acid-base status is normal-
ized, heart rate is adequate, and sinus rhythm has been 
achieved, the venous drainage is stopped and the patient 
can be weaned from bypass. The arterial cannula is left 
in place so that a slow infusion of residual pump blood 
can be used to optimize filling pressures. Myocardial 
function is assessed by direct cardiac visualization and a 
transthoracic left or right atrial catheter, by a percutane-
ous internal jugular catheter, or by the use of intraopera-
tive echocardiography. Pulse oximetry also can be used 
to assess the adequacy of cardiac output.154 Low systemic 
arterial saturation or the inability of the oximeter probe 
to register a pulse may be a sign of very low output and 
high systemic resistance.155

After the repair of complex congenital heart defects, the 
anesthesiologist and surgeon may have difficulty separating 
patients from CPB. Under these circumstances, a diagnosis 
must be made and includes (1) an inadequate surgical result 
with a residual defect requiring repair, (2) pulmonary artery 
hypertension, and (3) right or left ventricular dysfunction.

Two general approaches are customarily used, either 
independently or in conjunction. An intraoperative “car-
diac catheterization” can be performed to assess isolated 
pressure measurements from the various great vessels 
and chambers of the heart (i.e., catheter pullback mea-
surements or direct needle puncture to evaluate residual 
pressure gradients across repaired valves, sites of steno-
sis and conduits, and O2 saturation data to examine for 
residual shunts).156 Alternatively, echo-Doppler imaging 
may be used to provide an intraoperative image of struc-
tural or functional abnormalities to assist in the evalua-
tion of the postoperative cardiac repair.9,157 If structural 
abnormalities are found, the patient can be placed back 
on CPB and residual defects can be repaired before the 
patient leaves the operating room. Leaving the operat-
ing room with a significant residual structural defect 
adversely affects survival and increases patient morbid-
ity (see Fig. 94-5).9,157 Echo-Doppler imaging can rapidly 
identify right and left ventricular dysfunction and sug-
gest the presence of pulmonary artery hypertension. In 
addition, echo-Doppler imaging can identify regional 
wall motion abnormalities caused by ischemia or intra-
myocardial air that will direct specific pharmacologic 
therapy and provide a means of assessing the results of 
these interventions (Fig. 94-10).158

ULTRAFILTRATION

Institution of CPB in neonates, infants, and young chil-
dren results in a profound proinflammatory response 
and significant hemodilution. This may lead to post-
CPB morbidity and mortality resulting from poor organ 
function. The organ systems most affected by this are 
the heart, lungs, and brain. Although contact between 
the patient’s blood and the foreign surface of the bypass 
circuit is a potent stimulus to trigger the inflammatory 
cascade, other factors including ischemia, profound 
hypothermia, rewarming, and surgical trauma are also 
important in its genesis. These inflammatory media-
tors include complement anaphylatoxins, vasoactive 
amines, and cytokines (e.g., tumor necrosis factor-α 
[TNF-α]) that lead to an increase in vascular permeabil-
ity.73 Hemodilution occurs at the onset of CPB despite 
the use of physiologically balanced priming solutions 
that include blood, crystalloid, albumin, and buffer 
and smaller volume circuits. Hemodilution may, how-
ever, be advantageous in patients in whom the surgery 
is performed under hypothermic conditions ranging 
from mild hypothermia to DHCA. Initiation of CPB will 
change the viscoelastic properties of blood, and these 
changes have been shown to continue into the post-CPB 
period.159 Although the mode of perfusion, cardiotomy 
suction, arterial roller pump type, and shear forces of 
the CPB circuit are important, it is the temperature and 
hematocrit of the blood that play the most important 
role in changing viscoelasticity. It has been shown that 
low temperature with a high hematocrit leads to a higher 
viscosity.160 This elevated viscosity may lead to altered 
organ perfusion, particularly in the brain. Because of 
these alterations in blood viscosity, hemodilution is 
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Figure 94-10. A, Two-dimensional echocardiogram in the short-axis view across the ventricles demonstrating the presence of intramyocardi
air (arrow) in the ventricular septum and right ventricular wall. The intramyocardial air appears as a dense, “snowy” echogenic area. Note th
associated wall motion abnormality appearing as flattening of the ventricular septum. B, The patient was treated with phenylephrine, increasin
systemic and coronary perfusion pressure, resulting in clearance of the air, normalization of the echogenic density, and restoration of normal le
ventricular (LV) wall motion and configuration.
tolerated in the cooling phases of CPB. Although advan-
tageous early, this hemodilution combined with the 
inflammatory response will lead to transudation of fluid 
into the extravascular space, which in turn leads to the 
potential for organ dysfunction as eluded to earlier. Pre-
vention of organ dysfunction and improved oxygen-
ation by the removal of excess fluid and inflammatory 
mediators are the rationale, therefore, in the use of ultra-
filtration. The end result is removal of plasma water and 
low-molecular-weight solutes across a semipermeable 
membrane.

Essentially, five forms of ultrafiltration are used in 
modern perfusion practice, three of which are while 
the patient is on CPB. Prime ultrafiltration is used 
when packed RBCs are added to the prime solution 
and is performed in the prebypass phase. Its aim is 
to replace crystalloid prime with blood prime, adjust 
pH, alter electrolyte concentration to safer levels, and 
remove inflammatory mediators potentially present 
in the donor blood.161 Conventional ultrafiltration 
(CUF) involves the removal of fluid at any time while 
the patient is being supported by CPB. A common use 
for this method is removal of the volume of clear fluid 
equal to the volume of cardioplegia used. Conventional 
ultrafiltration can be performed during all phases of 
CPB. It involves the placement of an ultrafilter within 
the circuit and connected either to the venous line 
or the venous reservoir. The removal of an excess of 
ultrafiltrate will result in low reservoir volumes. In zero 
balance ultrafiltration, once fluid has been removed it 
is replaced with crystalloid to avoid inadequate reser-
voir volume, and thus there is no net removal of vol-
ume. The third method of on-bypass ultrafiltration is 
dilutional ultrafiltration, which is employed when the 
concentration of a given electrolyte (e.g., potassium) 
is deemed elevated. The method involves removal of 
ultrafiltrate with its replacement by half with normal 
saline, thus diluting the concentration of the given 
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lectrolyte to safer levels. From the description of on-
ypass ultrafiltration it can be appreciated that although 
hese methods have different names, their end point is 
imilar—that is, attempted removal of excess clear fluid 
esulting in hemoconcentration, removal of inflamma-
ory mediators, and manipulation of electrolyte con-
entrations to safe levels.

First described by Naik and associates146 in 1991, MUF 
nvolves filtration of blood once the patient has been 
eaned from bypass. This can be achieved either by a 
enovenous technique in which blood is removed and 
eturned to the atrium once concentrated or by an arte-
iovenous technique in which blood is removed via the 
ortic cannula and returned via the venous line.146,162,163 
n more detail, in this technique blood is removed in 
 retrograde fashion by the aortic cannula and passes 
hrough the ultrafilter along with remaining circuit vol-
me from the venous reservoir and oxygenator. Flow 
hrough the ultrafilter is maintained by a roller pump at 
ows of between 10 and 30 mL/kg, with the slower rates 
esulting in a more gradual change in the intravascular 
uid compartment and thus potentially better tolerated. 
 constant atrial pressure is maintained throughout the 
rocedure by adding crystalloid into the venous reser-
oir as needed. Suction is applied to the filtrate port to 
chieve a maximal transmembrane pressure, thus allow-
ng for ultrafiltration rates of between 100 and 150 mL/

inute.60 End points for the process of MUF are time (15 
o 20 minutes) and reaching of a target hematocrit (usu-
lly 40%) once the circuit volume has been replaced by 
rystalloid or should the patient’s hemodynamics not 
olerate the procedure.

Cardiac surgeries in the very young may be com-
lex with potentially protracted CPB and cross-clamp 
imes. Therefore, myocardial performance is depressed 
fter weaning from CPB. Although ultrafiltration is 
sed during CPB in an attempt to remove excess body 
ater, it appears from studies that it is the use of MUF 
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that significantly improves myocardial performance 
(Fig. 94-11).60,164,165 Using echocardiographic mea-
surements in a study of infants undergoing corrective 
surgery under nonhypothermic arrested conditions, 
Davies and associates166 found improvements in both 
systolic and diastolic function in the children studied. 
They found that the preload recruitable stroke work, 
which is load independent, improved after MUF and 
was thus a good indicator of improved systolic func-
tion. The same study showed that after MUF a decrease 
in the myocardial wall thickness and cross-sectional 
area occurred that was not present in the control 
group of patients who received no ultrafiltration. These 
reductions result in an increase in end-diastolic length 
and a fall in end-diastolic pressure, both of which are 
indicators of improved diastolic function. Although 
presumably it was the decrease in myocardial edema 
that was the cause for these improvements, increased 
hematocrit also was observed. Because these positive 
effects were not seen past 24 hours, the absolute benefit 
of MUF is not clear.166

Pulmonary dysfunction is one of the most common 
negative effects of CPB.167 Therefore the use of ultrafiltra-
tion and MUF is to improve oxygenation and decrease 
the effects of inflammatory mediators on the alveolar 
capillary membrane and pulmonary vascular reactivity. 
Studies have demonstrated that in patients in whom 
ultrafiltration and MUF were used, improvements in pul-
monary compliance, decreased airway resistance, pulmo-
nary arterial reactivity, and improved oxygenation were 
demonstrated.167-171 It is therefore obvious why these 
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Figure 94-11. Systolic blood pressure (BP) after separating from car-
diopulmonary bypass (CPB) and 15 minutes after separating with and 
without modified ultrafiltration (MUF). Note the significant improve-
ment in systolic BP with the use of MUF. (From Ungerleider RM: Effects 
of cardiopulmonary bypass and use of modified ultrafiltration, Ann Tho-
rac Surg 65:S35, 1998; reprinted with permission from the Society of 
Thoracic Surgeons.)
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ethods have found such wide acceptance in pediatric 
ardiac surgery, particularly in patients in whom normal 
ompliance with low PVR is vital (i.e., those with single-
entricle physiology). Although these studies commonly 
nd improvement in pulmonary function immediately 
fter weaning from CPB and the completion of MUF, 
isagreement exists as to whether these effects result in 

mproved function much beyond 6 hours, with some 
howing little if any benefit at 24 hours. A conclusion, 
owever, from these studies is that combination of on-
ypass ultrafiltration coupled with MUF has the best 
esults in the early postbypass period.

Studies into the long-term effects of CPB and indeed 
HCA on the brain of children are ongoing. As has been 
entioned previously, the initiation of CPB will affect the 
ajor organs. In a study performed on a piglet model of 
HCA, the use of MUF after CPB improved hematocrit, 

erebral O2 delivery, and cerebral O2 consumption, thus 
epresenting a potential reduction in cerebral injury. Fur-
her studies have made similar conclusions. These stud-
es demonstrated that four variables are of importance in 
mproving cerebral oxygenation: PcO2, mean arterial pres-
ure, hematocrit, and MUF flow rate.172,173 Increasing all 
xcept MUF flow rate improved O2 delivery. Increasing the 
ow rate appeared to cause a steal-like phenomenon in 
hich apparent diastolic runoff occurred into the MUF cir-

uit from the aortic cannula. Thus, although the process of 
UF is important for recovery of normal cerebral function, 

are must be used not to negate the benefits by decreasing 
he time on MUF by increasing the flow rates (Fig. 94-12).

Common to the improvement in cardiac and pulmo-
ary function are the associated decrease in inflammatory 
ediators seen after ultrafiltration. Studies have shown that 

he ultrafiltrate contains a wide variety of low-molecular-
eight inflammatory mediators, including C3a, C5a, inter-

eukin (IL)-6, IL-8, TNF, myocardial depressant factor, and 
ndothelin.168,169,174 It is the removal of endothelin-1 after 
UF that results in the improvement of pulmonary vascu-

ar reactivity, which is of great importance, particularly in 
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CMRo2) before and after deep hypothermic circulatory arrest. Note the 
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infants younger than 4 to 6 months of age, when pulmo-
nary vascular reactivity is high, and in patients who are hav-
ing staged cavopulmonary reconstructions. TNF, a potent 
inflammatory mediator implicated in the development of 
capillary leak syndrome seen after CPB, has been shown 
to be removed best by MUF. Despite these positive effects 
of MUF, the literature does not give a clear advantage of 
one form of ultrafiltration over the other, and it may be the 
combination of these methods that once again shows the 
best potential results.

Another important post-CPB issue is ongoing blood 
loss. Little doubt exists that the use of MUF will result in 
an elevation of the patient’s hematocrit secondary to the 
removal of the excess body water, as already discussed. 
This further results in decreased blood use and the obser-
vation that there is less postoperative bleeding.175 Indeed, 
in older children attempts can thus be made to avoid the 
use of donor blood altogether.

Disadvantages to these techniques are noted. The addi-
tion of an ultrafilter to the CPB circuit adds a level of com-
plexity to the circuitry and thus another potential area in 
which circuit-related complications may occur. Antago-
nists of MUF note also the following potential problems: 
the potential for air entrainment into the arterial cannula, 
additional time in which the patient is anticoagulated, 
potential for hypovolemia as volume is drawn off from 
the patient, hypothermia because the filtered volume does 
not pass through the heater/oxygenator, and the poten-
tial for the increase in the plasma concentration of drugs 
(e.g., fentanyl).176 Another interesting complication poten-
tially associated with ultrafiltration was the reduction in 
thyroid hormone. This acute hypothyroidism may lead to 
depressed function, manifesting as decreased contractility, 
heart rate, cardiac output, and elevated SVR, all of which 
will clearly affect the immediate post-CPB period.177 As with 
other techniques in medicine the benefit versus risk must 
be seriously considered, but from the presented evidence 
the use of ultrafiltration both on and off CPB is extremely 
beneficial and these methods are thus commonly used in 
modern pediatric cardiac surgery with good result and little 
complication.163,165,178,179

In the preceding paragraphs the discussion concluded 
that no clear advantage has been determined of one method 
of ultrafiltration over the other. Unfortunately, comparing a 
wide range of patients having different surgeries under dif-
ferent conditions is difficult, and thus it appears that from 
the articles referenced the best strategy would include both 
the use of on-CPB ultrafiltration and the use of MUF once 
the patient has been separated from bypass to achieve the 
goals of decreasing total-body water; removal of inflamma-
tory mediators; improved hematocrit, and thus O2-carrying 
capacity; and preservation of vital organ function.

SPECIFIC PROBLEMS ENCOUNTERED IN 
DISCONTINUING CARDIOPULMONARY 
BYPASS

See also Chapter 66.

Left Ventricular Dysfunction
The contractile state of the LV may be reduced after pedi-
atric cardiac surgery. This is due to surgically induced 
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chemia during the repair, the preoperative condition 
f the myocardium, the effects of DHCA on myocardial 
ompliance, and new, altered loading conditions on the 
V caused by the repair.180,181 Left ventricular dysfunction 
an be treated by optimizing preload, increasing heart 
ate, increasing coronary perfusion pressure, correcting 
nized calcium levels, and adding inotropic support. The 
eonate’s heart rate–dependent cardiac output, reduced 
yocardial compliance, and diminished response to 

alcium and catecholamines are factors influencing the 
eed for inotropic support. Inotropic support is usually 
egun with dopamine 3 to 10 μg/kg/minute. Several 
tudies suggest that the effect of dopamine in children is 
ge dependent. After cardiac surgery in young children, 
opamine increases cardiac output, which correlates 
ore with elevations in heart rate than augmentation 

f stroke volume, whereas, in young adults, dopamine 
learly increases stroke volume. Nonetheless, infants and 
eonates respond favorably to dopamine infusions with 
creased systemic blood pressure and cardiac output and 
proved systemic perfusion.
Calcium supplementation is important in augment-

g cardiac contractility. Although calcium supplemen-
tion has fallen into some disfavor because of concerns 
ver reperfusion injury, it remains an important therapy 
fter pediatric cardiac surgery. Fluctuations in ionized cal-
ium levels occur commonly in the immediate post-CPB 
eriod in children. This is most often due to the relatively 
rge transfusions of citrate-rich and albumin-rich blood 
roducts, such as whole blood, fresh frozen plasma, plate-
ts, and cryoprecipitate necessary for hemostasis, all of 
hich bind calcium.182 Routine calcium supplementa-

ion during the early post-CPB period is especially help-
l in patients with diminished left ventricular function. 
 patients with a slow sinus or junctional rate, calcium 
ust be administered cautiously because marked slowing 

f AV conduction may occur.
Epinephrine 0.02 to 0.2 μg/kg/minute is useful in 

atients with significant left ventricular dysfunction who 
emain hypotensive with high left atrial filling pressures 
r echo-Doppler imaging evidence of reduced contractil-
y or regional ischemia.183

Milrinone, a potent phosphodiesterase-3 inhibitor, is 
lso an effective inotrope-vasodilator in infants and chil-
ren. Studies in neonates after open-heart surgery reveal 
ignificant reductions in SVR and PVR and increases in 
ardiac index, primarily as a result of larger stroke vol-
me.184 Infants and children demonstrate a larger vol-
me of distribution and clearance of milrinone than 
at in adults; thus, the initial dose necessary to achieve 
erapeutic levels may be as large as 100 μg/kg.185 In neo-

ates, the initial dose of milrinone on CPB is 100 μg/kg,  
llowed by a continuous infusion to be started within  

0 minutes of the initial dose at a rate of 0.2 μg/kg/minute 
 maintain a therapeutic level. In older infants and chil-

ren, the rate of continuous infusion is larger, usually 0.5 
 1 μg/kg/minute.
Dobutamine is an effective, albeit weaker, inotro-

ic agent in children. Although it is reported to have 
wer chronotropic effects than dopamine in neonates, 

ignificant tachyarrhythmias may occur. This may be 
elated to structural similarities between dobutamine 
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and isoproterenol.183 In children after cardiac surgery, 
dobutamine increases cardiac output primarily through 
increased heart rate. The efficacy of dobutamine seems to 
be reduced in immature animals. This is consistent with 
reduction in α-receptors and a higher level of circulating 
catecholamines in newborns.

Right Ventricular Dysfunction
Primary right ventricular dysfunction is a common find-
ing after CPB in neonates, infants, and children. For 
example, after repair of TOF, preexisting right ventricular 
hypertrophy, a right ventriculotomy, and the placement 
of a transannular patch across the right ventricular out-
flow tract, resulting in acute pulmonary regurgitation and 
right ventricular volume overload, are common causes of 
postoperative right ventricular dysfunction.20 The treat-
ment of right ventricular dysfunction consists of mea-
sures directed at lowering PVR and preserving coronary 
perfusion without distending the RV. Metabolic acidosis 
should be addressed and inotropic agents selected for 
their vasodilating properties (e.g., dopamine, amrinone, 
or milrinone). In cases of extreme ventricular dysfunc-
tion, low-dose epinephrine (0.01 to 0.03 μg/kg/min-
ute) may provide inotropy without vasoconstriction.181 
Mechanical ventilation should be adjusted to assist right 
ventricular function and minimize PVR.

In contrast with the LV, the low intracavitary pres-
sure of the normal RV receives two thirds of its coronary 
filling during ventricular systole. In patients with right 
ventricular dysfunction, maintaining a normal or slightly 
elevated systolic arterial pressure maximizes coronary 
perfusion to the RV and augments contractility. If the 
need for inotropic support persists after the early post-
CPB period, a critical evaluation for other structural and 
functional abnormalities should be aggressively pursued. 
Preload should be maintained at a normal to slightly 
elevated level. Because right ventricular contractility is 
reduced, it is important to maximize preload to the high-
est portion of the Starling curve. Overdistention of the 
RV, however, is not well tolerated, owing to diminished 
ventricular compliance and diastolic dysfunction. Exces-
sive volume loading may result in significant diastolic 
dysfunction, tricuspid regurgitation, and worsening for-
ward flow. Generally, CVP much above 12 to 14 mm Hg 
is poorly tolerated in neonates and infants with right 
ventricular dysfunction.186 If right ventricular dysfunc-
tion is severe, the sternum should be left open.187 This 
eliminates the impedance imposed by the chest wall and 
mechanical ventilation, allowing the RV to maximize its 
end-diastolic volume. An additional strategy in neonates, 
infants, and children with significant post-CPB right ven-
tricular dysfunction is to allow right-to-left shunting at 
the atrial level. Typical patients who would benefit from 
this strategy include neonates undergoing repairs for TOF 
and truncus arteriosus. Allowing an atrial communication 
to remain open, with blood shunting in a right-to-left 
direction, preserves cardiac output and O2 delivery to the 
systemic circulation. Although these patients have some-
what diminished systemic O2 saturation, as their effec-
tive cardiac output and tissue O2 delivery are enhanced, 
systemic perfusion pressure improves and coronary perfu-
sion of the RV is maintained. As right ventricular function 
improves, right atrial pressure falls, right-to-left shunting 
decreases, and systemic arterial saturation rises.

If right ventricular dysfunction persists to the extent 
that systemic cardiac output is compromised, consid-
eration should be given to extracorporeal life support 
(extracorporeal membrane oxygenation [ECMO]). When 
ECMO is used for circulatory support, venoarterial can-
nulation is preferred. Venous and arterial access may 
be achieved through a large central artery and vein, 
usually the carotid artery and internal jugular vein, or 
by direct chest cannulation. Recovery from severe ven-
tricular dysfunction is predicated on the concept that 
the myocardium has sustained a transient injury (i.e., 
“stunned myocardium”) and is capable of recovery with 
time.188,189 ECMO is used to decrease ventricular wall ten-
sion, increase coronary perfusion pressure, and maintain 
systemic perfusion with oxygenated blood. ECMO also 
may be used for left ventricular failure, although success 
with this condition is less common than that seen with 
right ventricular dysfunction or pulmonary artery hyper-
tension. Patients placed on ECMO because they fail to 
separate from CPB demonstrate significantly greater mor-
tality than do those for whom ECMO was instituted later 
in the postoperative course.190 The children who consis-
tently have the lowest survival rate are those who require 
ECMO after a Fontan operation.191 The role of ECMO in 
patients with myocardial injury or pulmonary hyperten-
sion is to provide adequate systemic O2 transport and sys-
temic perfusion while allowing the ventricles to rest and 
recover. ECMO may even provide an effective means of 
resuscitation for postoperative cardiac patients, particu-
larly if instituted promptly.192 In larger infants and chil-
dren with predominantly right ventricular dysfunction 
and satisfactory pulmonary function, a selective right 
ventricular assist device may be preferable to ECMO.193

Pulmonary Artery Hypertension
Primary pulmonary hypertension is a devastating disease. 
The progressive and sustained elevation in PVR eventu-
ally leads to right-sided heart failure and death.194,195 
Pulmonary arterial hypertension (PAH) is defined by the 
presence of mean pulmonary arterial pressure greater 
than 25 mm Hg at rest or 30 mm Hg during exercise.196 
In two recent studies, presence of PAH was shown to be 
a significant predictor of major perioperative cardiovas-
cular complications, including pulmonary hypertensive 
crises, cardiac arrest, and death in patients undergoing 
cardiac catheterization or noncardiac surgery under anes-
thesia.197,198 Suprasystemic pulmonary artery pressure 
was predictive of major complications. Complications, 
however, were not associated with age, cause, type of 
anesthetic, or airway management. Preanesthesia evalua-
tion should evaluate disease severity. A history significant 
for chest pain, syncope, and dizziness, with signs of dys-
pnea at rest, low cardiac output state, metabolic acidosis, 
hypoxemia, and signs of right-sided heart failure warrants 
caution. Acute increases in PVR resulting in pulmonary 
hypertensive crises cause an increase in right ventricular 
afterload, right ventricular dysfunction, and hemody-
namic decompensation. Suprasystemic pulmonary artery 
pressure results in inadequate PBF, inadequate left ven-
tricular preload, low cardiac output, and biventricular 



failure. The associated hypotension results in coronary 
ischemia, which worsens this cycle. Perioperative factors 
thought to precipitate a pulmonary hypertensive crisis 
include hypoxia, hypercarbia, acidosis, hypothermia, 
pain, and airway manipulations in patients with pulmo-
nary hypertension. Such patients present for hemody-
namic catheterization, drug study, and noncardiac and 
cardiac surgical procedures. Although each anesthetic has 
to be tailored to the patient’s pathophysiologic condi-
tion and surgical procedure, certain common principles 
remain. Pulmonary vasodilator therapy and inotropes 
must be continued in the perioperative period. Investi-
gations include a comprehensive echocardiogram with 
occasional chest computed tomography (CT) angiogra-
phy to exclude pulmonary thromboembolic disease. In 
our center, premedication is avoided and intravenous 
induction is performed with carefully titrated doses 
of ketamine. Procedures with potential for blood loss, 
hemodynamic instability, and changes in ventilatory 
status mandate invasive arterial monitoring. Care should 
be taken to avoid systemic hypotension while achieving 
general anesthesia. Ventilation and oxygenation are con-
trolled, and acidosis is treated aggressively. Hypotension 
in the presence of euvolemia may need to be treated with 
inotropes and, if necessary, α1-agonists.199,200

Therapy for elevated pulmonary artery pressures is 
directed at lowering PVR and unloading the RV. Reduc-
tion of PVR is accomplished by altering ventilation 
pattern, inspired O2 concentration, and blood pH. Spe-
cifically, manipulating the pulmonary vascular bed in 
newborns and infants is a matter of regulating PacO2, 
pH, PaO2, PAO2, and ventilatory mechanics.201,202 PacO2 
is a potent mediator of PVR, especially in the newborn 
and young infant. Reducing PacO2 to 20 mm Hg and 
increasing pH to 7.6 produces a consistent and reproduc-
ible reduction in PVR in infants with pulmonary artery 
hypertension. Manipulating serum bicarbonate levels to 
achieve a pH of 7.5 to 7.6 while maintaining a PacO2 of 
40 mm Hg has equal salutary effects on PVR.203 Both the 
PaO2 and the PaO2 decrease PVR as well. In the circum-
stance of intracardiac shunts, changes in FiO2 have little 
effect on PaO2. Thus, by inference, a reduction in PVR 
induced by increasing the inspired O2 concentration is 
probably a direct pulmonary vasodilatory effect of PaO2 
rather than PaO2.

Ventilatory mechanics also play a major role in reduc-
ing PVR. Neonates and infants have a closing volume 
above functional residual capacity. Thus, at the end of a 
normal breath, some airway closure occurs. This process 
results in areas of lung that are perfused and yet under-
ventilated. As these lung segments become increasingly 
hypoxemic, secondary hypoxic vasoconstriction occurs. 
The net effect is an increase in PVR. Therefore, careful 
inflation of the lungs to maintain functional residual 
capacity will selectively reduce PVR. In practice, this is 
accomplished with relatively large tidal volumes and low 
respiratory rates, which produce an exaggerated chest 
excursion. Generally, tidal volumes of 15 to 25 mL/kg are 
required. Respiratory rates of 15 to 25 breaths/minute are 
used for neonates and infants. A reduced ventilatory rate 
with large tidal volumes reduces mean airway pressure 
and provides a longer expiratory phase of ventilation.
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Because PBF occurs predominantly during the expi-
ratory phase of the respiratory cycle, the ventilatory 
pattern should be adjusted to allow an adequate distribu-
tion of gas throughout the lung during inspiration and 
a more prolonged expiratory phase to promote blood 
flow through the lungs. End-expiratory pressure must be 
applied cautiously during the post-CPB period. Low PEEP 
(3 to 5 mm Hg) prevents narrowing of the capillary and 
precapillary blood vessels, thereby reducing PVR. Higher 
PEEP or excessive mean airway pressure results in alveolar 
overdistention and compression of the capillary network 
in the alveolar wall and interstitium. This condition ele-
vates PVR and reduces PBF.149

The final and perhaps the least well-recognized use of 
the mechanical ventilator is to assist in unloading the RV. 
During inspiration, intrathoracic pressure increases and 
creates an increased pressure gradient from the lung to 
the LA, promoting cardiac output. This ventilatory assist 
is commonly seen in patients with PAH or right ventricu-
lar dysfunction. An augmentation of the arterial pressure 
trace during inspiration is seen. The use of the ventila-
tor to augment systemic blood flow is very similar to the 
thoracic pump concept used to explain blood flow during 
CPR.204 The inspiratory assist must be balanced by the 
potential negative effects of increased mean airway pres-
sure on PVR and right ventricular afterload. To maximize 
these cardiopulmonary interactions, high tidal volume 
with low respiratory rates should be employed.

Attempts to manipulate PVR through pharmacologic 
interventions have been generally unsatisfactory. Drugs 
that have shown the greatest promise in decreasing PVR 
both clinically and experimentally have been the phos-
phodiesterase inhibitors. Amrinone and milrinone are 
the only drugs of this class currently available in the 
United States. Both reduce PVR and SVR and increase 
RV contractility.205 Isoproterenol has mild pulmonary 
artery–vasodilating properties in the normal pulmo-
nary circulation.206 It reduces PVR in adults after cardiac 
transplantation, but very few data support PVR reduc-
tion in infants and young children after cardiac surgery. 
In immature animals, the myocardium is less responsive 
to isoproterenol and causes tachycardia and increased 
myocardial O2 consumption. These latter effects may 
reduce coronary perfusion and result in relative myocar-
dial ischemia. Both prostaglandin E1 and prostacyclin 
have a pulmonary vasodilating effect; however, both 
drugs produce systemic hypotension, which severely 
limits their use.207,208

Because of the lack of specificity of vasodilator drugs 
on the pulmonary bed, newer pharmacologic methods of 
controlling pulmonary artery hypertension and elevated 
PVR are being sought. Two new concepts include ultra–
short-acting intravenous vasodilators and inhaled vasodi-
lating agents such as NO. Ultra–short-acting intravenous 
vasodilators are nonspecific potent vasodilators, with a 
half-life measured in seconds. Infusion of these drugs into 
the right side of the circulation produces a potent short-
lived relaxation of the pulmonary artery smooth mus-
cle.209 Once the drug reaches the systemic circulation it is 
no longer functional. Adenosine and ATP-like compounds 
have these properties and may have clinical applicability 
in pulmonary artery hypertension in the future.210
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Beginning in the past decade, several potent therapies 
for pulmonary hypertension have evolved.201,202 A con-
tinuous intravenous infusion of prostacyclin improves 
pulmonary vascular hemodynamics, exercise tolerance, 
and survival in pulmonary hypertension.211 Sildenafil 
is a selective phosphodiesterase type 5 inhibitor. Phos-
phodiesterase type 5 breaks down cyclic guanosine 
monophosphate. Sildenafil produces acute and relatively 
selective pulmonary vasodilatation and acts synergisti-
cally with nitric oxide.212-214 Bosentan is a dual endo-
thelin receptor blocker. Preliminary reports indicate that 
bosentan improves symptoms, exercise tolerance, and 
hemodynamics in patients with pulmonary hyperten-
sion. The drug is well tolerated and free of side effects 
apart from a dose-dependent increase in liver enzymes.215 
Lung transplantation is the only available surgical ther-
apy for primary pulmonary hypertension; however, the 
5-year survival remains less than 50%, and bronchiol-
itis obliterans remains the single most common cause of 
death.216,217 Before listing for transplantation, all patients 
undergo a hemodynamic cardiac catheterization and 
drug study in which reversibility of pulmonary hyperten-
sion with increased inspired O2 concentrations and NO is 
determined.218 Inhaled iloprost, although used in adult 
centers, has not become routine in pediatric practice.

CPB with associated endothelial injury predisposes to 
the development of postoperative pulmonary hyperten-
sion in patients with CHD. Anatomic factors that impose 
either obstruction to PBF or residual left-to-right shunting 
need to be surgically addressed. Elevated LAP resulting 
from mitral valve disease or left ventricular dysfunction, 
pulmonary venous obstruction, branch pulmonary artery 
stenosis, or surgically induced loss of the pulmonary vas-
cular cross-sectional area all raise right ventricular pres-
sure and impose a burden on the right side of the heart.

NO, an endothelium-derived vasodilator that is admin-
istered as an inhaled gas, represents the most promising 
development in the therapy for elevated PVR in patients 
with CHD (see Chapter 104). Although nonselective, it 
is rapidly inactivated by hemoglobin and, when inhaled, 
produces no systemic vasodilation.219 NO reduces pul-
monary artery pressure in adult patients with mitral 
valve stenosis and in selected pediatric cardiac patients 
with PAH.220-222 The congenital cardiac patient popula-
tion in whom NO appears to be effective is patients with 
acute PVR elevation after open-heart surgery, as well as 
preoperative pulmonary hypertension accompanying 
specific anatomic conditions (e.g., total anomalous pul-
monary venous return, congenital mitral stenosis).220,222 
Because it acts directly on vascular smooth muscle, NO 
remains effective despite the post-CPB endothelial injury 
frequently encountered in children.223 Some centers 
routinely employ NO in low dose (1 to 5 ppm) after a 
Fontan operation when the CVP-LAP gradient exceeds 
10 mm Hg.224 Finally, NO can provide diagnostic informa-
tion that helps distinguish reactive pulmonary vasocon-
striction from fixed anatomic obstructive disease either 
in the postoperative surgical patient or in the patient 
undergoing pretransplant evaluation.225,226 In the latter, 
the distinction between pulmonary vasoconstriction and 
advanced pulmonary vascular occlusive disease will influ-
ence the prediction as to whether a child with pulmonary 
hypertension in association with either CHD or cardio-
myopathy will survive a heart transplant or requires 
replacement of both heart and lungs.

Management strategies for postoperative pulmonary 
hypertension and treatment of pulmonary hyperten-
sive crises include sedation, moderate hyperventilation 
(maintaining PcO2 between 30 and 35 mm Hg), moder-
ate alkalosis (pH >7.5), increased inspired O2, optimiza-
tion of PEEP (to maximize functional residual capacity), 
pulmonary vasodilators (e.g., NO), and the creation or 
maintenance of an intracardiac right-to-left shunt in 
an attempt to maintain cardiac output.227,228 NO is also 
useful in the manipulation of PVR after Fontan-type 
procedures.229 Care should be exercised in weaning NO 
in patients, because abrupt withdrawal can precipitate 
rebound pulmonary hypertension and pulmonary hyper-
tensive crises.229,230

ANTICOAGULATION, HEMOSTASIS,  
AND BLOOD CONSERVATION

Modern pediatric cardiac anesthesia must include the prin-
ciples and practice of effective anticoagulation, hemosta-
sis, and blood conservation (see also Chapters 61 through 
63). Bleeding after CPB remains a significant problem in 
pediatric cardiac surgery.231 Continuing blood loss after 
CPB requiring blood component replacement is associ-
ated with hemodynamic compromise as well as morbid-
ity from multiple donor exposures. In pediatric patients, 
restoration of hemostasis has proved difficult; diagnosis of 
the problem and treatment are marginally effective.

Neonates, infants, and children undergoing cardiac 
surgery with CPB have a higher rate of postoperative 
bleeding than that seen in older patients.231 This is due 
to several factors. First, exposure to the nonendotheli-
alized extracorporeal circuit is disproportionate, which 
produces an inflammatory-type response. This inflamma-
tory response to CPB is inversely related to patient age—
the younger the patient, the more pronounced is the 
response.11 Because complement and platelet activation 
are linked to the activation of other protein systems in 
the blood (i.e., fibrinolytic), it is probable that this hemo-
static activation, which results in impaired hemostasis 
and increased bleeding tendency, plays a major role dur-
ing pediatric cardiac surgery. Second, the type of opera-
tion performed in neonates and infants usually involves 
more extensive reconstruction and suture lines, creating 
more opportunities for surgical bleeding than in adult car-
diac patients. Operations are also frequently performed 
using DHCA, which may further impair hemostasis.232 
Third, the immature coagulation system in neonates 
also may contribute to impaired hemostasis.233 Although 
procoagulant and factor levels may be reduced in young 
patients with CHD resulting from immature or impaired 
hepatosynthesis,234 functional bleeding tendencies are 
usually not present before surgery. Finally, patients with 
cyanotic heart disease demonstrate an increased bleeding 
tendency before and after CPB.

CPB is a significant thrombogenic stimulus requiring 
anticoagulation with heparin before its initiation. Hepa-
rin is usually administered empirically based on patient 



weight, and its effect is followed by activated clotting 
time monitoring. Because the heparin effect is primarily 
due to coupling with antithrombin III and because of 
the age-related differences and quantitative differences 
in procoagulants and inhibitors, variability of heparin 
dosing and its effect has been a concern. High heparin 
sensitivity is observed in the first week of life and then 
decreases progressively until about 3 years of age, when 
values approach those observed in adults.235 These find-
ings are consistent with evidence in infants of variable 
quantities of both procoagulants and inhibitors, espe-
cially prothrombin and antithrombin III.236 Heparin 
administration also must include a consideration of 
the quantity and composition of the priming volume 
for CPB, especially if fresh frozen plasma is added. The 
authors recommend a heparin dose of 200 units/kg plus 
an additional dose of 1 to 3 units/mL of priming solu-
tion and maintaining the activated clotting time above 
480 seconds.

Heparin is neutralized with protamine dosed accord-
ing to the quantity of heparin administered or based on 
body weight. Protamine excess may actually contribute to 
postoperative bleeding.237 It appears that the protamine 
dose requirement is high for neonates and decreases with 
increasing age of the patient. The relatively increased prot-
amine requirement for young compared with older chil-
dren and adults is indicative of higher circulating heparin 
levels after CPB.238 Delayed hepatic clearance of heparin 
resulting from organ immaturity and the predominant 
use of hypothermic circulatory arrest in the young will 
decrease metabolism and excretion of heparin. We typi-
cally administer protamine 4 mg/kg in neonates, whereas 
2 mg/kg usually restores the activated clotting time to 
baseline values in adolescents and adults. Interpatient 
variability mandates some form of individual assessment 
to guide drug dose to prevent excess protamine.237

Neonates and young infants with CHD will have low 
circulating levels of procoagulants and inhibitors. The 
thrombogenic and dilutional effects of CPB further con-
tribute to hemostatic abnormalities after CPB. Formed 
blood elements such as leukocytes and platelets may be 
activated, and procoagulants may be diluted by CPB. Fur-
thermore, DHCA causes increased clotting and fibrino-
lytic activity. The lower the temperature, the higher the 
degree of hemostatic activation. Therefore, the causes of 
bleeding after CPB are many.238 Injudicious use of blood 
products to correct individual coagulation abnormalities 
separately can further exacerbate dilution of existing pro-
coagulants, as well as carrying the risks for multiple donor 
exposure. Because the transfusion of blood products is 
associated with numerous complications, transfusion is to 
be assiduously avoided, unless specifically indicated by an 
impairment in tissue oxygenation or documented coagu-
lopathies with clinically significant bleeding. All efforts at 
blood conservation during cardiac surgery should be rou-
tinely employed by all members of the operative team, 
intraoperatively as well as postoperatively.

Bleeding after CPB is not an unusual occurrence (see 
also Chapter 66). The surgeon should first attempt to 
identify any obvious source of surgical bleeding at the 
sites of repair. Next, adequate protamine reversal of hepa-
rin is assessed by measuring an activated clotting time. In 
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general, standard coagulation tests show a prolongation 
of the partial thromboplastin time, prothrombin time, 
hypofibrinogenemia, dilution of other procoagulants, 
and prolonged bleeding time in many pediatric patients, 
with and without bleeding (Fig. 94-13). The most com-
mon reason for persistent bleeding is platelet dysfunc-
tion.239,240 Under such circumstances, administration of 
platelets is warranted in the presence of bleeding. Routine 
administration of blood products to correct laboratory 
coagulation abnormalities in the absence of bleeding is 
never clinically indicated. After platelets have been given 
and if bleeding is still present, reassessment and repeat 
platelet infusion or the administration of cryoprecipitate 
or fresh frozen plasma may be beneficial. Under most cir-
cumstances, meticulous surgical technique, appropriate 
administration of protamine, adequate patient tempera-
ture, and platelet infusion will correct excessive bleed-
ing. In neonates, excessive bleeding and the escalating 
dilutional effects of selective component therapy on the 
remaining procoagulants make the treatment of bleeding 
difficult. The use of fresh whole blood may be warranted 
under these circumstances. The administration of fresh 
whole blood (<48 hours old) after CPB can meet all the 
hematologic requirements with minimum donor expo-
sure. The efficacy of whole blood in restoring hemostasis 
and reducing blood loss after CPB has been demonstrated 
in patients younger than 2 years of age undergoing com-
plex surgical repairs.231

It is our practice to arrive at an optimum hematocrit 
for the patient after discussion with the surgeon based on 
the individual patient’s lesion and complexities. This is 
achieved with the minimal amount of product that can 
be used to achieve the hematocrit level both on bypass 
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and after bypass, minimize bleeding and coagulopathy, 
minimize donor exposure, and mitigate against transfu-
sion-related acute lung injury (see also Chapter 61).

Many attempts have been made to reduce bleeding 
after CPB by pharmacologic interventions. Desmopressin 
acetate and the antifibrinolytics aminocaproic acid and 
tranexamic acid have been tried with variable success in 
significantly reducing postoperative blood loss after car-
diac surgery.241-243 The proteinase inhibitor aprotinin 
showed promise in its ability to reduce postsurgical car-
diac blood loss, but it was removed from the United States 
market because of concerns of life-threatening anaphylac-
tic reactions.232,244-248 Antifibrinolytics exert their effects 
by reversibly binding to lysine analogue sites on plas-
minogen, a molecule primarily responsible for the break-
down of fibrin. By inhibiting plasminogen, and therefore 
plasmin, the procoagulant effects of fibrin remain. In a 
recent large-scale observational study of 22,258 patients, 
aprotinin was found to have effects similar to those of 
both aminocaproic acid and tranexamic acid in terms 
of reducing bleeding requiring surgical intervention and 
mortality.249 Given the risk for analyphylatic reactions 
with aprotinin and similar benefits in surgical bleeding 
with the antifibrinolytics, many institutions report favor-
able use of aminocaproic acid and tranexamic acid. We 
have chosen to use aminocaproic acid as an antifibrinol-
ytic in neonates undergoing complex procedures, and for 
repeat operations before sternotomy and repeat dosing at 
the start of CPB.

The techniques of blood conservation must be con-
tinued during the postoperative period. Isolated coagula-
tion abnormalities are often present in the postoperative 
patient with uncomplicated cardiac issues (see Fig. 94-13). 
Usually, these coagulation abnormalities self-correct dur-
ing the first postoperative day and are not associated 
with excessive bleeding. Therefore, routine correction of 
these abnormalities with infusion of blood products is 
not warranted. Administration of blood products should 
not occur in the absence of clinical evidence of bleeding 
and the identification of a specific defect requiring tar-
geted component therapy. Routine use of blood products 
for volume replacement is also to be avoided; lactated 
Ringer or saline solution can be satisfactorily adminis-
tered at a reduced cost without the hazards associated 
with transfusion.

POSTOPERATIVE MANAGEMENT

Immediate postoperative care of the pediatric patient 
who has undergone cardiothoracic surgery is an impor-
tant period in the overall sequence of anesthetic and sur-
gical management. Although the primary influence on 
outcome is determined by the conduct of the operation, 
postoperative care is an important factor. As a member of 
the operative team, it is necessary that the anesthesiologist 
understand and become involved during the immediate 
postoperative period. Detailed principles of postopera-
tive management of pediatric cardiac surgical patients are 
beyond the scope of this chapter. However, a few general 
guiding principles and approaches are given to provide 
fundamental knowledge for the anesthesiologist.
The postoperative period can be characterized by a 
series of physiologic and pharmacologic changes as the 
body convalesces from the abnormal biologic conditions 
of CPB and cardiac surgery. During this period, the effects 
of the cardiac operation, any underlying disorders, the 
effects of hypothermic CPB, and special techniques such 
as DHCA may create special problems. In the immedi-
ate postoperative setting, abnormal convalescence and 
specialized problems must be recognized and managed 
appropriately. Fortunately, most patients are able to bal-
ance the cost imposed by the physiologic trespass created 
by the surgical repair and the effects of CPB against the 
benefit of reduced pathophysiologic loading conditions, 
resulting in low morbidity and mortality.

Therefore, the guiding principle in the management 
of the postoperative patient is an understanding of both 
normal and abnormal convalescence after anesthesia and 
cardiac surgery. The immediate postoperative period, even 
that of normal convalescence, is one of continuous physio-
logic change because of the pharmacologic effects of resid-
ual anesthetic agents and the ongoing physiologic changes 
secondary to abrupt alteration in hemodynamic loading 
conditions, surgical trauma, and extracorporeal circula-
tion. Anesthesia and surgery affect not only the patient’s 
conscious state but also cardiovascular, respiratory, renal, 
and hepatic function; fluid and electrolyte balance; and 
immunologic defense mechanisms. Despite these changes, 
postoperative care should be predictable and standardized 
for most patients undergoing cardiac procedures.

In general, the four temporal phases of postoperative 
management in the cardiac patient are (1) transport to 
the ICU, (2) stabilization in the ICU, (3) weaning from 
inotropic and ventilatory support, and (4) mobilization 
of fluids. Patients proceed through these phases at vari-
able rates based on such factors as the underlying dis-
ease process, preoperative medical condition, sequelae 
of the surgical procedure, duration of CPB, and presence 
or absence of intraoperative complications. One of the 
most important functions of the ICU team is to identify 
postoperative complications in the patient who conva-
lesces abnormally and to provide interventional therapy. 
Because physiologic change after cardiac surgery is dra-
matic but self-limiting during normal convalescence, 
recognition of abnormal processes can be difficult. 
Under such circumstances a uniform, multidisciplinary 
approach with experienced clinicians and nurses facili-
tates the identification of any abnormalities in conva-
lescence. These abnormalities often are indications for 
closer observation, more invasive monitoring, pharma-
cologic intervention, and increased cardiopulmonary 
technical support. Complications include hypovolemia, 
residual structural heart defect, right and left ventricu-
lar failure, hyperdynamic circulation, pulmonary artery 
hypertension, cardiac tamponade, arrhythmias, cardiac 
arrest, pulmonary insufficiency, oliguria, seizures, and 
brain dysfunction. It is critical to detect these departures 
from the normal convalescent course and to treat them 
aggressively.

One important area in which the anesthesiologist 
can aid the recovery of the cardiac patient is pain con-
trol (see also Chapter 97). Pain and sedation are among 
the most common problems requiring ICU intervention. 



Many factors influence the onset, incidence, and sever-
ity of postoperative pain. The attenuation of the stress 
response in the immediate postoperative period using 
infusions of potent opioids in the critically ill infant 
reduces morbidity.100 Attenuation of postoperative pain 
can be attempted with a preoperative medication and an 
intraoperative anesthetic management technique that 
includes the use of potent opioids. Patients who receive 
no opioids preoperatively or during the operative proce-
dure will require analgesics in the immediate postopera-
tive period once the inhalation anesthetic is eliminated. 
Most cases of postoperative pain can be managed by the 
administration of small intravenous doses of opioids, 
usually morphine. This is important in a patient being 
weaned from the ventilator during the early postopera-
tive period. Patients who are intubated and ventilated 
overnight should receive adequate sedation and pain 
control until ventilatory weaning is begun. This is usually 
accomplished by a continuous infusion of a benzodiaze-
pine and an opioid. Continuous infusion of sedatives and 
analgesics results in a more consistent and reliable control 
of postoperative pain. When separated from mechanical 
ventilation, the patient is concurrently weaned from the 
sedatives and analgesics. Under these circumstances, care-
ful titration of opioids often results in prompt pain relief. 
In patients with reactive pulmonary artery hypertension, 
opioids have been shown to prevent hypertensive crisis.97

Regional anesthesia may be used for postoperative 
pain control in infants and children after thoracotomy 
(see also Chapter 92). This method avoids opioid-induced 
respiratory depression from intravenous doses of these 
drugs. The administration of opioids in the epidural 
space is a very effective approach to pain management. 
This technique is used in children for postoperative pain 
control when given in the epidural space via the caudal 
route as a “single shot” or by a small caudal catheter. 
Morphine or hydromorphone provides effective analge-
sia with a duration of 6 to 12 hours, with no significant 
respiratory depression. Caudal morphine diluted in 0.05 
to 0.075 mg/kg delivered in a total volume of 1.25 mL/kg 
of sterile saline has been used with good success in our 
practice. The use of regional anesthesia for postoperative 
pain appears to be best suited for the child extubated in 
the early postoperative period. Relative contraindications 
of this technique include hemodynamic instability and 
patients with abnormal clotting profiles with continued 
active bleeding. Using this regional technique, better 
arterial oxygenation, a more rapid ventilator weaning, 
and decreased postoperative respiratory complications 
may be expected. However, urinary retention occurs fre-
quently in patients without a bladder catheter. Generally, 
no treatment is required.

Children requiring large thoracotomies or a bilateral 
thoracosternotomy (i.e., “clamshell”) incision merit con-
sideration for thoracic epidural analgesia. This technique 
significantly reduces the respiratory depression and pul-
monary mechanics abnormalities that accompany the 
quantity of systemic opioids that would be necessary to 
provide adequate analgesia for these excruciatingly pain-
ful incisions. If the procedure requires systemic hepa-
rinization, we will typically defer placement of these 
catheters until the heparin effect is neutralized. For the 
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patient undergoing coarctation repair via a left thoracot-
omy, we place the caudal or epidural catheter after dem-
onstration of motor function in the lower extremities. 
For patients undergoing heart, lung, or both transplanta-
tions, a thoracic epidural catheter is placed at a time in 
the postoperative period when the patient can be weaned 
from intravenous medications that will adversely affect 
the patient’s ability to breathe in close proximity to the 
planned extubation. It is common for these patients to 
need a functioning thoracic epidural catheter for several 
days.

POSTOPERATIVE NEUROPSYCHOLOGIC 
MORBIDITY

Neurologic morbidity has been identified to be increas-
ingly problematic in neonates and infants with CHD as 
surgical mortality rates have improved (see also Chapter 99). 
Although early postoperative CNS sequelae such as stroke 
and seizures occur in a small percentage of neonates with 
CHD, the importance of more subtle neurologic abnor-
malities at long-term follow-up is being increasingly 
recognized.217,226,250

These findings may include fine and gross motor 
impairments, speech and language delays, disturbances in 
visual-motor and visual-spatial abilities, attention-deficit 
disorders, learning disorders, and impaired executive func-
tioning. The presence of congenital brain disease in patients 
with CHD represents a challenge in improving long-term 
neurologic outcomes. Many neonates with CHD have 
congenital structural brain abnormalities, chromosomal 
abnormalities, or both, as well as physiologic abnormali-
ties that may impair brain development. Brain abnormali-
ties on head ultrasonography have been noted in one fifth 
of full-term infants undergoing heart surgery, with half of 
the abnormalities being present preoperatively.250

Postoperatively, secondary neurologic injury may be 
related to post-CPB alterations in cerebral autoregulation 
and additional hypoxic-ischemic insult, seizures, or other 
issues associated with prolonged ICU stay. In addition to 
prenatal and modifiable perioperative factors, genetic and 
environmental factors are known to be important. Unfor-
tunately, modifiable perioperative factors may explain 
less of the variability in long-term outcomes than do 
patient-specific factors.

New, postoperative neurologic injury may be detected 
clinically in over 10% of infants,7 and in over 50% 
using more sensitive brain imaging techniques such as 
MRI.251,252 Given that new neurologic injury can occur at 
various time points during the neonate’s hospitalization, 
perioperative attention to reducing known risk factors is 
critical. Mechanisms of CNS injury in infants undergo-
ing cardiac surgery include hypoxia-ischemia, emboli, 
reactive O2 species, and inflammatory microvasculopa-
thy. Preoperatively, the primary focus is on preventing 
hypoxic-ischemic injury and thromboembolic insults. 
Modifiable intraoperative factors associated with CNS 
injury include, but are not limited to, pH management, 
hematocrit during CPB, regional cerebral perfusion, and 
the use of DHCA. The adverse effects of CPB may be 
greater in infants than larger children or adults given their 
immaturity in organ function and tissues and the size of 
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the CPB circuit relative to their body size.253 However, a 
significant amount of research has been conducted in the 
area of intraoperative prevention of neurologic injury. 
With ongoing changes in technology and new therapies, 
the conduct of CPB and other support techniques have 
been actively under investigation.

The developmental consequences of exposure to gen-
eral anesthetics is not well understood and is difficult to 
elaborate on in the absence of prospective randomized 
controlled trials, because of multiple factors that affect 
neurologic outcome in this population. Current litera-
ture suggests that multiple exposures, cumulative doses 
of exposure, and exposure in infancy might increase the 
risk for neurodevelopmental delay.254-256 Thus, pediatric 
cardiac anesthesia is associated with all three risk factors, 
so attempting to minimize time of exposure, bundling of 
necessary procedures, and delaying nonessential proce-
dures to an age associated with less neurologic risk might 
be appropriate. Careful choice of anesthetic agents that 
do not act on different neuroreceptors at key time points 
in development might be critical. Our current practice 
has evolved to using fentanyl 5 to 10 μg/kg body weight, 
which allows earlier extubation and may minimize anes-
thesia-related neurologic risk. Current multicenter trials 
funded by the National Institutes of Health are exploring 
this concept and the use of a pure α2 agonist (dexmedeto-
midine) for neuroprotection during this vulnerable period.

MECHANICAL ASSIST DEVICES

Survival in children with congenital cardiac as well as 
pulmonary defects has improved over recent decades as 
a result of improved preoperative management, surgi-
cal techniques, anesthesia management, drug therapies, 
and postoperative management. Despite these advances, 
patients may still require therapies for both acute and 
chronic heart failure that are refractory to medical ther-
apy. Mechanical support in the form of ECMO or ventric-
ular assist devices (VADs) may then need to be instituted. 
Examples of conditions that may require support include 
failure to wean from CPB, acute cardiac arrest, malig-
nant arrhythmia, and worsening myocardial function 
secondary to the underlying congenital defect or related 
to acquired cardiomyopathy. Fortunately, however, the 
numbers are small, with less than 2% of post-CPB patients 
requiring this intervention.257 Mechanical support can 
thus be used as a treatment option to allow for recovery of 
ventricular function, as a bridge to transplant, or to sup-
port the heart in those with marginal functional reserve 
requiring invasive diagnostics or treatments (e.g., Williams 
syndrome with severe supravalvular pulmonary or aortic 
stenosis). As with any therapy, contraindications must 
be excluded before embarking on the use of a mechani-
cal assist device. These contraindications may include 
extreme prematurity, severe and irreversible multiorgan 
failure, incurable malignancy, and preexisting neurologic 
devastation.257 Anesthetic management in the use of 
ECMO is supportive, with management limited to assis-
tance in the resuscitative efforts and hemorrhage associ-
ated with the cardiac surgery that was ongoing at the time 
of conversion to ECMO. Once the patient is on full ECMO 
support, ventilation is continued but at a slower rate of 
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ventilation on the order of 10 breaths/minute, with a peak 
ressure of 20 cm H2O, PEEP set at 5 to 10 cm H2O, and 

FiO2 decreased to about 40%. These settings aid in the pre-
ention of atelectasis with management of CO2 and O2 
elated to flow across the circuit membrane. This is very 
ifferent from the patient into whom a VAD is placed. 
ere the anesthesiologist continues to manage the patient 

s for routine CPB weaning. Obviously differences exist in 
his scenario. If a systemic VAD is placed, careful attention 

ust be given to the ventricle pumping blood into the 
ulmonary bed because failure of this ventricle will have 
isastrous consequences. Thus, management tailored to 
nload this pulmonary ventricle is vitally important and 
ill include inodilators in the form of phosphodiesterase 

nhibitors, inotropic support, and possibly even inhaled 
O to decrease PVR and promote forward flow. In associa-

ion with the perfusionist, intravascular volume loading 
s assessed and maintained for effective functioning of the 
AD and thus adequate offloading of the assisted ventri-
le. Careful attention to pulmonary function is also vital. 
dequate pulmonary toilet, recruitment maneuvers, and 
ppropriate ventilatory parameters must be used. As will 
e alluded to later, bleeding is a potential in the implanta-
ion of the VAD and thus a clear strategy must be planned 
or in the form of antifibrinolytics, adequate volumes of 
lood and blood products, and even possibly the use of 
ctivated clotting factors (e.g., factor VII).258

As can be seen in Table 94-10 differences can be appre-
ciated between assist devices. The potential for bleeding 
exists at the time of insertion of both of these modali-
ties; however, it would seem from clinical experience that 
because of the extensive dissection and need for sizeable 
ventriculotomy, implantation of a VAD (and especially 
bi-VAD) is more problematic. The requirements of antico-
agulation to keep the activated clotting time in the range 
of 180 to 200 for ECMO also may lead to ongoing and sig-
nificant bleeding, especially if placed into a patient who 
requires support in the immediate perioperative phase. 
The use of an ECMO circuit with a membrane oxygen-
ator requires ongoing intravenous anticoagulation with 
maintenance of the activated clotting time in the afore-

entioned range. Apart from the immediate postopera-
ive phase, patients with VAD systems can be transitioned 
o oral agents. A two-part therapy is recommended. 
ntiplatelet therapy includes aspirin or clopidogrel. The 

TABLE 94-10 COMPARISON OF EXTRACORPOREAL 
MEMBRANE OYGENATIONCMO VERSUS VAD

Comparison Factors ECMO VAD

Bleeding at insertion ++ ++
Sternotomy Not required Required
Left atrial venting ± −
Blood product use +++ +
Number of cannulae for 

biventricular support
2 4

Pulmonary support + −
Intravenous anticoagulation + ±
Duration of support Weeks Months
Emergent support Yes No
Patient mobility − +

CMO, extracorporeal membrane oxygenation; VAD, ventricular assist device.



second part of the therapy will entail the use of anticoag-
ulation with either warfarin (Coumadin) or subcutaneous 
low-molecular-weight heparin.257

As previously mentioned, these modalities are used as a 
potential bridge to transplant and, thus, exposure to donor 
antigens is of great importance. A study by Stiller and associ-
ates259 comparing the volume of blood products used dem-
onstrated that the volume was less in those treated with a 
VAD in a period up to 8 days after insertion. Importantly, 
the authors pointed out that this difference remained even 
when support was started at a time remote from surgery.259

Three potential disadvantages exist in the use of the 
VAD system. The lack of pulmonary support when using 
the VAD limits its use to patients whose lung function 
is adequate. From Table 94-10 it can be seen that when 
biventricular support is needed the patient will require 
two separate VAD devices, necessitating the placement 
of four cannulas, which may be technically difficult in 
a very young child. The third disadvantage is that VAD 
placement cannot be performed in a code situation or at 
the bedside as with ECMO.

Important advantages of the VAD system are the abil-
ity of patients to ambulate while on support and that 
VAD support can be maintained for months in contrast 
to the weeks only of ECMO support. Another important 
advantage over ECMO is that these patients will not 
require further venting of the LA. In patients on ECMO 
this is achieved by the placement of a left atrial vent at 
the time of sternotomy or a balloon atrial septectomy, 
which may require transfer to the catheterization labo-
ratory with the possible complications associated with 
transport of a patient on an ECMO circuit.

Despite successful resuscitation and placement onto 
mechanical assist devices, morbidity and mortality remain 
high, with ECMO appearing to have worse outcomes. The 
mortality rate for ECMO in the 1990s was on the order of 
47%, with survival in series published in the early 2000s 
not showing much improvement.260-263 In contrast, the 
survival in those into whom a VAD is placed appears to be 
superior within the quoted series up to 80% of patients sur-
viving to transplantation or being successfully weaned from 
support.262,264 In the study by Blume and co-workers,261 
however, it was noted that associated CHD, and patients 
who are younger and smaller, have a higher mortality than 
those with fulminant myocarditis and cardiomyopathy.261 
Alongside survival data, the next most important marker is 
neurologic outcome, and it appears that this is better in the 
VAD group.265,266 Risk factors for poor neurologic outcome 
were once again of low weight and duration of DHCA, 
both of which place patients on ECMO at a survival dis-
advantage because patients on ECMO will be smaller and 
some of those who undergo DHCA for repair of congenital 
anomalies will require emergent ECMO support to wean 
from CPB or in the immediate postoperative phase.267

Survival predictors are important in our management 
of these patients. One common variable that can predict 
survival is the return of ventricular function between 3 
and 5 days after the initiation of support, and should the 
support be required for longer periods, morbidity and 
mortality increase.263,267 Both of these modalities have 
been used successfully as a bridge to transplantation, with 
patients with a VAD having a greater than 80% survival 
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to transplantation and patients on ECMO showing a 
less than 60% survival. Yet ECMO is used often in the 
infant population and in those with complex CHD, both 
of which are factors known to increase mortality among 
VAD patients.267 The important causes of morbidity and 
mortality in patients on both of these modalities include 
cerebrovascular events secondary to either hemorrhagic 
or embolic phenomena, circuit-related issues (e.g., circuit 
thrombosis), renal failure requiring hemofiltration, sep-
sis, ongoing hemorrhage, and multiple-organ failure.

Although these modalities are often compared to each 
other, they both have unique places in the care of chil-
dren with cardiac disability. ECMO has a great advantage 
in that it can be employed rapidly in a code situation for 
a patient of any age or size. In the past, size has been 
the limiting factor for implantation of VAD systems into 
pediatric patients. The Berlin Heart VAD (Berlin Heart 
AG, Berlin, Germany) is available for use even in neo-
nates. The system has been employed in Europe for over 
10 years and has pump sizes from 10 to 80 mL. At this 
time the device is available only for emergency compas-
sionate use in the United States. From this, however, it 
can be appreciated that these two modalities can cer-
tainly complement each other, with ECMO being used 
acutely; once the patient is physiologically stable, but still 
requiring support, a VAD can be used should long-term 
support be warranted.

A newer mechanical assist device for use in children 
is the temporary Total Artificial Heart (TAH) system. The 
TAH system is indicated for use as a bridge to transplant 
for patients in imminent risk for death from biventricular 
failure. The implantation and use of this device is unique 
in that it requires the complete removal of the native 
myocardium, such that recovery without transplanta-
tion is not possible. Once the myocardium is removed, 
inflow and outflow pumping chambers are sown into the 
right and left heart vessels. Sizing requirements include 
patient body surface area of 1.7 m2 or greater, echocardio-
graphic left ventricular end-diastolic diameter of 70 mm 
or greater, a CT scan with an anterior-to-posterior dimen-
sion at the 10th thoracic vertebrae of 10 cm or greater, 
and a chest radiograph with a cardiothoracic ratio of 0.5 
or greater. Smaller TAH devices may be available soon, 
which would allow implantation in smaller patients. This 
device has been used successfully as a bridge to transplant 
in a patient with failing Fontan physiology who later 
went on to receive a heart transplant.

ANESTHESIA FOR HEART AND LUNG 
TRANSPLANTATION

Although perioperative management for thoracic organ 
transplantation is considered elsewhere in this text, the 
application of these procedures to children requires some 
specific modification (see also Chapter 75). Differences 
include the characteristics of the candidates, preparation 
of these children, anesthetic management, surgical con-
siderations, post-CPB management, and outcome. Even 
though some of the earliest heart transplant procedures 
were performed for congenital heart malformations, this 
indication became rare by the early 1980s. In 1984, over 
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Figure 94-14. Demographic data for pediatric heart transplantation by age. Stacked bar graph illustrates the total number and age distribution 
for heart transplantation in patients younger than 16 years of age. Note the rapid rise in transplant procedures performed during the late 1980s, 
with particular growth in the population of children 5 years of age and younger. Having peaked in the mid-1990s, the total number of transplant 

procedures (both adult and pediatric) has declined slightly, but the relative age proportions within the pediatric population remain relatively 
constant. (Data from the Registry of the International Society for Heart and Lu
60% of the few pediatric heart transplant procedures were 
performed in patients with cardiomyopathy, usually ado-
lescents. In the next decade, a dramatic rise in the num-
ber of infants and young children with congenital heart 
malformations treated with heart transplantation resulted 
in a marked shift in the demographics (Fig. 94-14).268 By 
1995, over 70% of the children receiving heart trans-
plants were younger than 5 years of age, with half of 
those younger than 1 year. The overwhelming majority 
of these infants received transplants for congenital heart 
malformations for which reconstructive options either 
had failed or were not believed to exist (Fig. 94-15).268 
The implications of this shift reach into every element of 
perioperative management.

Children considered for heart transplantation are more 
likely to have pulmonary hypertension than adults. Most 
adult transplant programs will not offer heart transplant 
therapy to patients with PVR over 6 Wood units/m2.269 
The exclusion threshold in infants and children remains 
controversial. Some programs accept patients with PVR 
as high as 12 Wood units/m2, particularly if the pulmo-
nary vasculature responds to vasodilators such as O2, NO, 
calcium channel blockers, or prostacyclin.270 Neonates 
are generally assumed to have elevated PVR, but outcome 
data from some programs suggest that the importance of 
this factor for postoperative outcome is substantially less 
in the first year of life, perhaps because the infant donor 
hearts, having recently undergone transitional circula-
tion, are better prepared to cope with the right ventricular 
pressure load that elevated PVR imposes.271

The anesthetic plan for pediatric heart transplantation 
must accommodate a wide spectrum of pathophysiology. 
Recipients with congenital heart malformations benefit 
from the analysis of loading conditions and optimizing 
hemodynamics discussed previously. Although a few of 
these patients undergo heart transplantation because 
the natural history of reconstructive heart surgery poses 
greater risk despite reasonable ventricular function, most 
candidates exhibit some manifestations of impaired ven-
tricular performance. Accordingly, they require careful 
titration of anesthetic agents with minimal myocardial 
depressant characteristics to avoid cardiovascular col-
lapse. In this fragile population, even modest doses of 
opioids can be associated with marked deterioration in 
systemic hemodynamics, presumably by reducing endog-
enous catecholamine release. As with most congenital 
heart patients, skilled management of the airway and 
ventilation represents crucial elements in a satisfactory 
induction, particularly in the presence of elevated PVR. 
No matter how elegant the anesthetic plan in concep-
tion and implementation, a certain proportion of these 
children will decompensate on induction, necessitating 
resuscitative therapy.

Although orthotopic heart transplantation poses some 
technical challenges in neonates and young infants, the 
replacement of an anatomically normal heart is less 
complex than several reconstructive heart procedures 
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Figure 94-15. Indication for heart transplantation in children. Over 
the past 2 decades, the major indications for pediatric heart transplan-
tation were nearly equally divided between congenital malformation 
and cardiomyopathy. In later years, pediatric recipients with con-
genital malformations assumed a slight plurality as a result of shifting 
age demographics. As illustrated, younger children are more likely to 
undergo heart transplantation because of congenital malformation. 
(Data from the Registry of the International Society for Heart and Lung 
Transplantation, Addison, Tex.)



commonly performed in patients at this age. However, 
the need to adapt this procedure to incorporate repair of 
major concurrent cardiovascular malformations requires 
the consummate skill and creativity that remain the 
province of a few exemplary heart surgeons in congeni-
tal disease.272,273

Having withstood extended ischemic periods, heart 
grafts are extraordinarily intolerant of superimposed 
residual hemodynamic loads that may accompany imper-
fect vascular reconstruction. The extensive vascular repair 
and, particularly in older children with long-standing 
hypoxemia, the propensity to coagulopathy together ele-
vate hemorrhage to a major cause of morbidity and even 
mortality in pediatric heart transplantation. Nevertheless, 
once successfully implanted, these grafts will respond to 
physiologic factors that stimulate growth and adaptation 
in the developing infant and child.274

Management considerations during separation from 
CPB and the early postoperative period are primarily 
focused on three pathophysiologic conditions: myocar-
dial preservation, denervation, and PVR. Even expeditious 
transplant procedures usually force the heart to endure 
ischemic periods that exceed those encountered during 
reconstructive surgery. Although some researchers believe 
the infant heart is more tolerant of extended ischemia, 
these hearts will demonstrate a period of reperfusion 
injury, and virtually all require pharmacologic and, in 
some cases, mechanical support.271 In addition, endog-
enous adaptive responses and exogenous pharmacologic 
agents that act by myocardial sympathetic activation are 
ineffective in the denervated graft. Because the majority 
of children presenting for heart transplantation exhibit 
some element of elevated PVR, even with isolated end-
stage cardiomyopathy, the RV of a newly implanted heart 
is particularly vulnerable to failure.

Ventilatory and pharmacologic interventions are usu-
ally configured to exert a favorable impact on PVR and 
provide inotropic and chronotropic support. Once the 
lungs are fully expanded, we ventilate to PacO2 values in 
the low 30 mm Hg range using an FiO2 of 1. Virtually all 
recipients receive low-dose dopamine 3 to 5 μg/kg/minute  
and isoproterenol 0.02 to 0.05 μg/kg/minute to promote 
inotropy, chronotropy, and lower PVR. In the event that 
these do not provide sufficient inotropy in the presence 
of more significant postischemic dysfunction, additional 
agents are added (e.g., milrinone, epinephrine). Most 
transplant centers have a specific regimen for immuno-
suppression to be initiated in the perioperative period. 
As with adults, pediatric transplant programs typically 
employ triple-drug immunosuppression with a calcineu-
rin inhibitor (e.g., cyclosporine, tacrolimus), antimetab-
olite (e.g., azathioprine), and steroid. After an interval 
without rejection, some pediatric programs will taper 
and discontinue one or even two of these agents, particu-
larly in neonates, in whom some element of tolerance is 
thought to develop.275,276

National statistics indicate that the outcome from 
pediatric heart transplantation is slightly less favorable 
than comparable results in adults.268 The principal risk 
factors are age younger than 1 year and congenital heart 
defects. Because these factors are closely related (i.e., 
the vast majority of infants younger than 1 year of age 
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undergo transplantation for a congenital heart defect), 
it is difficult to determine the independent effect of age. 
Concurrent repair of structural cardiovascular anomalies 
substantially increases perioperative risk for hemorrhage, 
residual hemodynamic loading conditions, and right-
sided heart failure from elevated PVR. When these two 
factors are taken together, infants younger than 1 year of 
age have an operative mortality rate of 24%, more than 
twice that of older children.268 Beyond the early postop-
erative period, mortality rates are quite comparable for all 
age groups. Nevertheless, the sequelae of rejection and 
the consequences of the requisite immunosuppression 
result in significant ongoing morbidity and mortality. 
Because even the best transplant recipients have achieved 
only a 28% 14-year survival rate, these procedures must 
be considered palliative for children.268

Lung and heart-lung transplantation have achieved 
respectable operative survival rates in children.277,278 
They remain the only viable surgical therapy for infants 
and children with severe pulmonary vascular disease and 
selected progressive pulmonary diseases. These remain 
uncommon procedures in pediatrics. Lung transplan-
tation carries the additional morbidity of obliterative 
bronchiolitis, a debilitating small airway disease that 
results in gradual deterioration in flow-related pulmo-
nary functions over time. Despite an operative mortality 
rate that is currently less than 20%, the 3-year survival 
rate is only 50% to 60%.268,277

Patients with transplanted hearts also present for sur-
veillance cardiac catheterizations, biopsies, and other pro-
cedures.257,279-281 The anesthesia plan in these patients 
should take into account the physiologic and pharmaco-
logic problems of allograft denervation, the side effects 
of immunosuppression, the risk for infection, and the 
potential for rejection.279-281 Cardiac allograft vasculopa-
thy is the leading cause of morbidity and mortality after 
transplantation, leading to progressive graft dysfunction 
with heart failure, an increased risk for dysrhythmia, and 
the possibility of arrhythmogenic sudden death. Conven-
tional revascularization procedures are ineffective because 
cardiac allograft vasculopathy is caused by intimal pro-
liferation; thus, retransplantation is the only therapeutic 
option. Hyperlipidemia after heart transplantation is a 
common occurrence in both adults and children and is 
aggravated by chronic steroid therapy and other immu-
nosuppressive agents. Statins are used with good results in 
controlling hyperlipidemia after transplantation and are 
likely to manifest inherent immunosuppressive effects. 
Risk factors for posttransplant renal dysfunction are the 
use of calcineurin inhibitors, mechanical circulatory sup-
port, prolonged inotropic support, and preexisting renal 
dysfunction. Newer, more potent immunosuppressive 
agents (e.g., tacrolimus) have led to steroid-sparing regi-
mens late after transplantation, eliminating the detri-
mental effects of long-term steroid administration. Agents 
such as sirolimus may now be used in combination with 
lower levels of calcineurin inhibitors, thus minimizing 
long-term nephrotoxicity. Posttransplant lymphopro-
liferative disorders represent a pathologic spectrum of 
abnormal lymphoid proliferation ranging from localized 
early lesions to polymorphic disease or, in some cases, 
monomorphic lymphomatous disease. From a clinical 
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perspective, the most common sites of disease and pre-
senting symptoms included the gastrointestinal tract and 
pulmonary systems. Patients with polymorphic disease 
are treated primarily by a reduction or temporary cessa-
tion of immunosuppression, along with adjunctive sur-
gical therapy for tissue diagnosis or obstructive lesions. 
Most centers reserve traditional chemotherapeutic regi-
mens for patients with nonresponsive polymorphic dis-
ease and monomorphic disease. As a result of cardiac 
denervation, autonomic regulatory mechanisms are not 
available to prevent the wide swings in a patient’s hemo-
dynamic state and the stress response is slower than usual. 
Cardiac parameters are significantly altered, and patients 
may experience a decrease in systemic blood pressure 
and cardiac filling pressures. Compensatory mechanisms 
are delayed, and reductions in cardiac output lead to 
decreased coronary and cerebral perfusion, especially on 
the background of hypertension. Drugs with direct myo-
cardial and vascular effects are the mainstay of therapy. 
Most immunosuppressive agents affect hepatic and renal 
functions and interact with anesthetic drugs.

ANESTHESIA FOR CLOSED-HEART 
OPERATIONS

Early corrective repair in infancy has significantly reduced 
the number of noncorrective, palliative closed-heart oper-
ations. Corrective closed-heart procedures include PDA 
ligation and repair of coarctation of the aorta. Noncor-
rective closed-heart operations include pulmonary artery 
banding and extracardiac shunts such as the Blalock-
Taussig shunt. These procedures are performed without 
CPB. Therefore, venous access and intraarterial monitor-
ing are important in evaluating and supporting these 
patients. A pulse oximeter remains an invaluable monitor 
during intraoperative management.

Ligation of a PDA is typically performed through a 
left thoracotomy, although video-assisted thoracoscopic 
techniques are increasingly common.282,283 Physiologic 
management is that of a left-to-right shunt producing 
volume overload. Patients with a large PDA and low PVR 
generally present with excessive PBF and CHF. Neonates 
and premature infants also run the risk for having sub-
stantial diastolic runoff to the pulmonary artery, poten-
tially impairing coronary perfusion. Thus, patients range 
from an asymptomatic healthy young child to the sick 
ventilator-dependent premature infant on inotropic sup-
port. The health of the former patient allows a wide vari-
ety of anesthetic techniques culminating in extubation in 
the operating room. The latter patient requires a carefully 
controlled anesthetic and fluid management plan. Gener-
ally, a trial of medical management with indomethacin 
and fluid restriction is attempted in the premature infant 
before surgical correction. Transport of the premature 
infant to the operating room can be especially difficult 
and potentially hazardous, requiring great vigilance to 
avoid extubation, excessive patient cooling, and venous 
access disruption. For these reasons, many centers are 
now performing ligation in the neonatal ICU.

A subset of premature infants with PDAs is located 
at institutions without cardiac surgical teams. Ligation 
of the PDA in these patients requires either transfer of 
these high-risk neonates to a center that has a team who 
routinely perform the procedure or the availability of a 
team capable of performing the procedure who is willing 
to travel to perform the procedure in the neonate’s home 
neonatal ICU (NICU). Gould and associates284 reviewed 
the experience with onsite and off-site ligations of a team 
composed of a pediatric cardiac attending anesthesiolo-
gist, a certified registered nurse anesthetist, an attending 
pediatric cardiothoracic surgeon and fellow, and cardiac 
operating room nurses. There were no anesthetic-related 
complications in their group. No differences were found 
in the incidence of perioperative complications in the 
procedures in the two sites. This study showed PDA liga-
tions can be performed safely in the NICUs of hospitals 
lacking onsite pediatric cardiac surgical units, without 
incurring the risk inherent in transport of critically ill 
infants. In addition, patient care is continued by the 
neonatology team most familiar with the child’s medical 
and social history and the patient’s family is minimally 
inconvenienced.

Complications of PDA ligation include inadvertent 
ligation of the left pulmonary artery or descending aorta, 
recurrent laryngeal nerve damage, and excessive bleed-
ing as a result of inadvertent PDA disruption. After duc-
tal ligation in premature infants, worsening pulmonary 
compliance can precipitate a need for increased ventila-
tory support; and manifestations of an acute increase in 
left ventricular afterload should be anticipated, especially 
if left ventricular dysfunction has developed preopera-
tively. PDA ligation has been performed in infants and 
children using thoracoscopic surgical techniques. This 
approach has the advantage of limited incisions at tho-
racoscopic sites, promoting less postoperative pain and 
discharge from the hospital the same day of surgery.

Coarctation of the aorta is a narrowing of the descend-
ing aorta near the insertion of the ductus arteriosus. 
Obstruction to aortic flow results and may range from 
severe obstruction with compromised distal systemic per-
fusion to mild upper extremity hypertension as the only 
manifestation. Associated anomalies of both the mitral 
and aortic valves can occur. In the neonate with severe 
coarctation, systemic perfusion depends on right-to-left 
shunting across the PDA. In these circumstances, left ven-
tricular dysfunction is very common and prostaglandin 
E1 is necessary to preserve sufficient systemic perfusion. 
Generally, a peripheral intravenous line and an indwell-
ing arterial catheter, in the right upper extremity, are 
recommended for intraoperative and postoperative man-
agement. In patients with left ventricular dysfunction, 
a central venous catheter may be desirable for pressure 
monitoring and inotropic support.

The surgical approach is through a left thoracotomy, 
whereby the aorta is cross-clamped and the coarctation 
repaired with an end-to-end anastomosis, patch aorto-
plasty, or subclavian patch. During cross-clamping, we 
usually allow significant proximal hypertension (20% 
to 25% increase over baseline), based on evidence that 
vasodilator therapy may jeopardize distal perfusion and 
promote spinal cord ischemia. Intravascular crystalloid 
administration of 10 to 20 mL/kg is given just before 
removal of the clamp. The anesthetic concentration is 



decreased, and additional blood volume support is given 
until the blood pressure rises. Postrepair rebound hyper-
tension as a result of heightened baroreceptor reactivity 
is common and often requires medical therapy. After 
cross-clamping, aortic wall stress resulting from sys-
temic hypertension is most effectively lowered by insti-
tution of β-blockade with esmolol or α/β-blockade with 
labetalol.285 Recent work indicates that patients younger 
than 6 years of age should receive an initial dose of 
esmolol 250 to 500 μg/kg, followed by an infusion 
of 250 to 750 μg/kg/minute, depending on the blood 
pressure. Despite an esmolol infusion, 25% to 50% of 
patients have a blood pressure that is above the targeted 
range, requiring a second drug. Sodium nitroprusside, 
which increases the calculated aortic wall stress in the 
absence of β-blockade, is usually chosen as the second 
drug. Other agents that may have a greater likelihood 
of achieving the targeted pressure include nitroglycerin 
and nicardipine. Propranolol is useful in older patients 
but can cause severe bradycardia in infants and young 
children. Although it actually increases calculated aortic 
wall stress in the absence of β-blockade by accelerating 
dP/dT (contractile force), the addition of sodium nitro-
prusside may be necessary to control refractory hyper-
tension. Captopril or an alternative antihypertensive 
regimen is begun in the convalescent stage of recovery 
in patients with persistent hypertension.

The management of infants undergoing placement of 
extracardiac shunts without CPB centers on goals simi-
lar to those of other shunt lesions—balancing pulmonary 
and systemic blood flow by altering PacO2, PaO2, and ven-
tilatory dynamics. Central shunts are usually performed 
through a median sternotomy, whereas Blalock-Taussig 
shunts may be performed through a thoracotomy or ster-
notomy. In patients in whom PBF is critically low, par-
tial cross-clamping of the pulmonary artery required for 
the distal anastomosis causes further reduction of PBF 
and desaturation, necessitating meticulous monitoring 
of pulse oximetry. Careful application of the cross-clamp 
to avoid pulmonary artery distortion will help maintain 
PBF. Under circumstances in which severe desaturation 
and bradycardia occur with cross-clamping, CPB will be 
required for the procedure.

Intraoperative complications include bleeding and 
severe systemic O2 desaturation during chest closure, 
usually indicating a change in the relationship of the 
intrathoracic contents that results in distortion of the 
pulmonary arteries or kink in the shunt. Pulmonary 
edema may develop in the early postoperative period 
in response to the acute volume overload that accom-
panies the creation of a large surgical shunt. Measures 
directed at increasing PVR, such as lowering inspired O2 
to room air, allowing the PacO2 to rise, and adding PEEP 
are helpful maneuvers to decrease PBF until the pulmo-
nary circulation can adjust. Decongestive therapy such 
as diuretics and digoxin may alleviate the manifestations 
of CHF. Under such circumstances, early extubation is 
inadvisable.

Pulmonary artery banding is used to restrict PBF in 
infants whose defects are deemed uncorrectable for 
either anatomic or physiologic reasons. These patients 
are generally in CHF with reduced systemic perfusion 
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and excessive PBF. The surgeon places a restrictive band 
around the main pulmonary artery to reduce PBF. Band 
placement is very imprecise and requires careful assis-
tance from the anesthesia team to accomplish success-
fully. Many approaches have been suggested. We place 
the patient on 21% inspired O2 concentration and main-
tain the PacO2 at 40 mm Hg, to simulate the postopera-
tive state. Depending on the malformation, a pulmonary 
artery band is tightened to achieve hemodynamic (e.g., 
distal pulmonary artery pressure 50% to 25% systemic 
pressure) or physiologic (e.g., Q̇p : Q̇s approaching 1) 
goals. Should the attainment of these objectives produce 
unacceptable hypoxemia, the band is loosened.

ANESTHESIA FOR INTERVENTIONAL OR 
DIAGNOSTIC CARDIAC PROCEDURES

Advances in interventional and diagnostic cardiac cath-
eterization techniques are significantly changing the 
operative and nonoperative approach to the patient with 
a congenital heart defect (see also Chapter 90). Common 
interventions in the cardiac catheterization laboratory are 
shown in Table 94-11. Nonoperative interventional tech-
niques are being used instead of procedures requiring sur-
gery and CPB for safe closure of secundum ASDs, VSDs, 
and PDAs. Stenotic aortic and pulmonic valves, recurrent 
aortic coarctations, and branch pulmonary artery steno-
ses can be dilated in the catheterization laboratory, avoid-
ing surgical intervention.286,287 These techniques shorten 
the hospital stay and are particularly beneficial to patients 
with recurrent coarctation and muscular or apical VSDs, 
who are at a higher risk for operative intervention. Many 
patients with complex cardiac defects are poor operative 
risks. Innovative interventional procedures improve vas-
cular anatomy, reduce pressure loads on ventricles, and 
decrease the operative risk for these patients. For exam-
ple, in TOF with hypoplastic pulmonary arteries, bal-
loon angioplasty and vascular stenting procedures create 
favorable pulmonary artery anatomy and reduce pulmo-
nary artery pressure and right ventricular end-diastolic 
pressure. Complications are more common during inter-
ventional catheterization and include arterial thrombo-
sis, arrhythmias (especially heart block), hemodynamic 
instability, embolization of devices or coils, bleeding, 
and perforation of the major vessels or heart.288 Com-
plications are more common in infants younger than  
6 months of age and with smaller infants. Constant vigi-
lance, correction of electrolyte imbalance, maintenance 
of acid-base status, and appropriate heparinization will 
mitigate some of the morbidity. Appropriate and early 
transfusion with deployment of rapid-response ECMO in 
the resuscitation of an infant in cardiac arrest improves 
outcome. High-risk patients undergoing diagnostic evalu-
ation of pulmonary artery hypertension in anticipation 
of heart-lung transplantation also require anesthetic 
management. Despite the attendant high risks for the 
procedure in patients with suprasystemic right ventricu-
lar pressure, these patients are best managed with general 
anesthesia and controlled ventilation.

Anesthetic management of interventional or diag-
nostic procedures in the catheterization laboratory 
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must include the same level of preparation that applies 
in caring for these patients in the operating room. 
These patients have the same complex cardiac physiol-
ogy and, in some cases, greater physiologic complexity 
and less cardiovascular reserve. Interventional cath-
eterization procedures can impose acute pressure load 
on the heart during balloon inflation. Large catheters 
placed across mitral or tricuspid valves create acute 
valvular regurgitation or, in the case of a small valve 
orifice, transient valvular stenosis. When catheters 
are placed across shunts, severe reductions in PBF and 
marked hypoxemia may occur. The anesthetic plan 
must consider the specific cardiology objectives of the 
procedure and the impact of anesthetic management in 
facilitating or hindering the interventional procedure. 
In general, the three distinct periods involved in an 

TABLE 94-11 COMMON INTERVENTIONS IN THE 
CARDIAC CATHETERIZATION LABORATORY

Simple Interventions

Device Closures Coil Embolization

Atrial septal defect (ASD) Decompressing veins
Ventricular septal defect (VSD) Aortopulmonary (AP) 

collaterals
Patent ductus arteriosus (PDA) Surgical shunts
Patent foramen ovale (PFO) Coronary/atrioventricular 

fistulas
Balloon valvuloplasty Balloon angioplasty
Aortic stenosis (AS) Branch pulmonary artery 

stenosis
Pulmonary stenosis (PS) Coarctation of the aorta

Complex Interventions

Hypoplastic Left Heart Syndrome (HLHS)
After Norwood
Pulmonary artery stenosis Angioplasty
Shunt thrombosis Dilation/thrombectomy
Restrictive ASD Balloon septostomy
Aortic arch obstruction Angioplasty
AP collaterals Coil embolization
Post Glenn/Fontan
Decompressing veins Coil embolization
Baffle leaks Device/coil embolization
Systemic vein stenosis/thrombosis Angioplasty/

thrombectomy
Right ventricular failure Creation of fenestration
Exercise intolerance Closure of fenestration
AP collaterals Coil embolization
Obstructive Fontan pathway PA angioplasty, balloon 

septostomy)

Transposition of Great Arteries Balloon atrial septostomy

Tetralogy of Fallot (TOF)
Shunt thrombosis Thrombectomy
Pulmonary artery stenosis Angioplasty
AP collaterals Coil occlusion

Miscellaneous Interventions
Severe pulmonary hypertension Atrial septostomy
ECMO left heart decompression Atrial septostomy
Stenosis of pulmonary veins Balloon angioplasty stent
Stenosis/thrombosis of systemic 

veins
Balloon angioplasty/

thrombectomy

ECMO, Extracorporeal membrane oxygenation.
interventional catheterization are the data acquisition 
period, the interventional period, and the postproce-
dural evaluation period.

During the data acquisition period, the cardiologist 
performs a hemodynamic catheterization to evaluate 
the need for and extent of the planned intervention. 
Catheterization data are obtained under normal physi-
ologic conditions—that is, room air, physiologic PacO2, 
and spontaneous ventilation are preferred. Increased 
FiO2 or changes in PacO2 may obscure physiologic data. 
Although some patients may require O2 administra-
tion if the PBF is such that the administration of room 
air may lead to life-threatening hypoxia, a discussion 
with the interventional cardiologist is essential in the 
care of these children. During the procedural period, 
the patient is usually intubated and mechanically ven-
tilated. A secured airway allows the anesthesiologist to 
concentrate on hemodynamic issues. Positive-pressure 
ventilation also reduces the risk for air embolism. Dur-
ing spontaneous ventilation, a large reduction in intra-
thoracic pressure can entrain air into vascular sheaths 
and result in moderate-to-large pulmonary or systemic 
air emboli. Precise device placement is also facilitated 
with muscle relaxants that eliminate patient movements 
and controlled ventilation, thereby reducing the respira-
tory shifting of cardiac structures. Substantial blood loss 
and changes in ventricular function occur commonly 
during the intervention. Blood volume replacement and 
inotropic support may be necessary during or immedi-
ately after the interventional procedure.

In the postprocedural period, the success and physi-
ologic impact of the intervention are evaluated. Blood 
pressure, mixed venous O2 saturation, ventricular end-
diastolic pressure, and cardiac output, when available, are 
used to assess the impact of the intervention. Persistent 
severe hemodynamic derangement indicates the need for 
ICU monitoring and respiratory or cardiovascular sup-
port. Because of the hemodynamic variability of many 
of these patients, as well as changing anesthetic require-
ments, continuous intravenous infusion with ketamine/
midazolam or propofol is appropriate. Potent inhaled 
anesthetics are generally not used as the primary anes-
thetic and are reserved for adjunctive anesthesia.

A brief description of some of the interventional pro-
cedures and the associated anesthetic implications fol-
lows. The success of these interventions will undoubtedly 
result in widespread availability and use over the next 
few years.

TRANSCATHETER TECHNIQUE FOR ATRIAL 
SEPTAL DEFECT CLOSURES

In the transcatheter technique for ASD closures, a col-
lapsed double-umbrella clamshell device is loaded into 
a large introducer sheath placed through the femoral 
vein, advanced to the RA, and placed across the ASD 
into the left atrial chamber. Each side of the device con-
sists of a Dacron mesh patch suspended in six spring-
loaded arms that open like an automatic umbrella. 
Using biplane fluoroscopy and TEE, the catheter is posi-
tioned in the LA away from the mitral valve.289 The 
sheath is pulled back to open the six distal arms and its 



Dacron mesh cover into the LA. The sheath and device 
are then pulled back so the distal arms contact the left 
atrial septum. Fluoroscopy and TEE are used to confirm 
that the arms are on the left atrial side and do not inter-
fere with mitral valve motion. Once adequately seated, 
the sheath is pulled farther back to expose the proxi-
mal side of the device and the proximal arms, which 
spring open to engage the right side of the atrial sep-
tum. When proper positioning is certain, the device is 
released.289 In a review of data for 122 children under-
going transcatheter ASD closures, a 9% incidence of 
procedural complications resulted in hemodynamic 
complications requiring treatment.290

Device closure of secundum ASD is the preferred thera-
peutic approach. Data continue to support closure of defects 
of small-to-moderate size (<8 to 20  mm) in appropriate-size 
patients with appropriate septal length and device diam-
eter.291-293 The procedure is well tolerated with minimal 
long-term complications. Complications such as cardiac 
erosions and heart block can occur in patients who receive 
a large device for patient size, especially those who have a 
deficient anterosuperior rim.294,295 Thrombus is a rare prob-
lem that can usually be treated medically, and its incidence 
appears to be device-dependent.296 Despite nearly a decade 
of experience, these devices remain under investigational 
protocol and are therefore available only at a limited num-
ber of study centers.

TRANSCATHETER VENTRICULAR SEPTAL 
DEFECT CLOSURES

Most VSDs that are electively closed in the catheterization 
laboratory are mid-muscular or apical VSDs that are either 
difficult to close in the operating room or would require a 
left ventriculotomy. Left ventriculotomies are associated 
with a high incidence of left ventricular dysfunction and 
have been relegated to a position as the least desirable 
surgical option. The preferred therapeutic approach for 
VSD is surgical closure. Transcatheter closure of muscu-
lar VSDs can be performed safely. However, a significant 
incidence of complications occurs, including heart block, 
blood loss, and hemodynamic instability.297,298 Device 
closure of membranous VSD is in early stages of investi-
gation, and the incidence of complications remains to be 
determined.299,300 The transcatheter approach requires a 
blade atrial septostomy and a retrograde catheter placed 
through the femoral artery and advanced to the LA. This 
catheter is pulled across the atrial septum into the RA 
and is used to guide a superior vena cava catheter (placed 
through the internal jugular vein) across the ASD into 
the LA, across the mitral valve, and into the LV. The VSD 
defect is approached from the left ventricular side. The 
large sheath containing the double-umbrella clamshell 
device prevents closure of the mitral valve, resulting in 
acute mitral regurgitation or, in cases in which the VSD is 
large or the mitral annulus small, acute severe mitral ste-
nosis. In this latter case, systemic output is decreased and 
a period of severe hypotension is unavoidable. Judicious 
use of vasoconstrictors to maintain coronary perfusion 
may be required during the catheter placement, followed 
by volume and inotropic resuscitation after the VSD 
device is deployed. This highly specialized application of 
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the clamshell device is confined to only a few pediatric 
centers in the United States.

ANGIOPLASTY OF BRANCH PULMONARY 
ARTERY STENOSIS

One of the most important areas of interventional cath-
eterization has been the dilation and stenting of hypoplas-
tic or stenotic branch pulmonary arteries. In patients with 
TOF with hypoplastic pulmonary arteries, pulmonary atre-
sia, or single ventricle with surgically induced peripheral 
stenoses, the use of balloon angioplasty and stenting pro-
cedures creates favorable pulmonary artery anatomy and 
reduces the risk for subsequent surgical repairs (Fig. 94-16). 
Peripheral pulmonary artery stenosis is not a surgically 
amenable lesion and is particularly suited to catheteriza-
tion and angioplasty. Balloon angioplasty is accomplished 
by tearing the vascular intima and media, allowing the ves-
sel to remodel and heal with a larger diameter. The balloon 
is placed across the stenotic lesion so that the middle of 
the balloon is at the stenosis. The balloon is inflated until 

A

B  

Figure 94-16. A, Severe bilateral branch pulmonary artery stenoses 
at the distal end of a conduit in a patient with pulmonary trunk atresia 
and ventricular septal defect. Stents were placed in the right and left 
pulmonary arteries. B, Follow-up angiogram in the same projection 
and magnification showed marked improvement of both right and 
left stenoses.
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the waist of the balloon is eliminated. Ideally, the most 
stenotic lesions are dilated first to minimize the impact 
on PBF and cardiac output. When the balloon is inflated, 
PBF is reduced, right ventricular afterload is increased, 
and cardiac output falls. In patients with an associated 
VSD or ASD, right-to-left shunting and desaturation occur 
with balloon inflation. In patients without a shunt, acute 
increase in right ventricular afterload can cause systemic 
hypotension and right ventricular failure. The large vascu-
lar sheaths required for these procedures can introduce tri-
cuspid regurgitation, which is poorly tolerated in patients 
with severe RV hypertension. Occasionally, balloon cath-
eters must be placed across aortopulmonary shunts, sig-
nificantly reducing PBF.

The procedure is successful in approximately 60% of 
patients. In an early series, complications included hypo-
tension (40%), pulmonary artery rupture (3%), unilateral 
reperfusion pulmonary edema (4%), aneurysmal dilation 
of the dilated pulmonary vessel (8%), death (1.5%), and 
transient postprocedural right ventricular dysfunction.301 
Improved techniques and patient selection have favorably 
influenced the results with superior balloon catheters and 
stents while significantly reducing serious complications. 
Anesthetic support minimizes hemodynamic compromise 
by anticipating changes in blood flow patterns, treating 
transient hypotension, and providing airway support to 
minimize the risks associated with pulmonary artery dis-
ruption and acute unilateral pulmonary edema.301

A unique group of patients are those with William syn-
drome with supravalvular aortic and pulmonary stenosis. 
Such patients can have multiple areas of severe branch 
pulmonary artery stenosis, with resultant systemic or 
suprasystemic right ventricular pressures and right ven-
tricular dysfunction. Patients can also have coronary 
stenosis and develop subendocardial ischemia from 
hemodynamic disturbances in the setting of biventricular 
hypertrophy. The presence of supravalvular aortic steno-
sis, biventricular outflow tract obstruction, and coronary 
stenosis is associated with increased perioperative risk. 
Typically, such patients undergo general anesthesia with 
positive-pressure ventilation and recover in the cardiac 
ICU for angioplasty of branch pulmonary artery steno-
sis.302 Care must be exercised in maintaining SVR, myo-
cardial oxygenation, and contractility. Tachycardia and 
subendocardial ischemia should be avoided in the pres-
ence of ventricular hypertrophy.

BALLOON VALVULOTOMIES

Balloon valvulotomies conducted in well-compensated 
infants and children often can be accomplished without 
anesthetic support. Exceptions include neonates with 
critical aortic or pulmonary stenosis and patients with 
significant ventricular dysfunction who exhibit unstable 
hemodynamics. Balloon valvuloplasty is indicated in val-
vular pulmonary or aortic stenosis with valvular gradients 
more than 50 mm Hg. Balloon dilation is effective in most 
patients, except those with dysplastic valves (e.g., Noonan 
syndrome); postdilation pulmonary incompetence is 
anticipated and does not pose a problem in the immedi-
ate and intermediate period. Long-term prophylaxis for 
subacute bacterial endocarditis is needed. Only 8% of 
patients require repeat interventions. Typically, patients 
recover in the ICU and may require transfusion depend-
ing on hemodynamic stability. Valvular aortic stenosis 
is associated with poor surgical outcome in the neonatal 
period. All therapies are palliative, with a high incidence 
of repeat interventions, and balloon valvuloplasty is often 
the initial treatment. Residual obstruction or regurgita-
tion is common after balloon dilatation and can require 
repeat intervention. A real risk exists for damage to the 
aortic valve and subaortic septum, with the consequence 
of acute aortic insufficiency and coronary ischemia. Hypo-
tension and bradycardia commonly occur during valvulo-
plasty, and many centers have a policy of ECMO standby 
for these high-risk interventions in the catheterization 
laboratory. Ready availability of a surgical and perfusion 
team is crucial to a good outcome. Neonates with critical 
aortic stenosis often require stabilization with inotropes 
and prostaglandins to maintain systemic perfusion before 
the procedure. Balloon dilation of recurrent coarctation 
is often the therapy of choice in older children with reco-
arctation after surgery. Such patients are often hyperten-
sive. The procedure can be performed with the patient 
under deep sedation or general anesthesia. In infants after 
Norwood palliation for hypoplastic left heart syndrome, 
coarctation can occur in the distal arch anastomotic site. 
Catheters placed antegrade via the right side of the heart 
into the neoaorta can induce hemodynamically signifi-
cant tricuspid and neoaortic regurgitation, resulting in 
hemodynamic instability. Careful monitoring and aggres-
sive hemodynamic intervention result in a good outcome.

COIL EMBOLIZATION

Transcatheter methods can be adapted to occlude unde-
sired vascular structures. Intravascular coils have been 
used to close PDAs, aortopulmonary collaterals, surgical 
systemic and pulmonary artery shunts, venous collater-
als in single ventricle lesions, coronary fistulas, and some 
arteriovenous malformations (e.g., vein of Galen malforma-
tion). In selected instances, to minimize the risk that coils 
may escape to threaten vital organ perfusion, cardiologists 
request the use of general anesthesia with a muscle relaxant.

Depending on the lesion, patients might manifest 
severe cyanosis, low-output or high-output cardiac failure, 
or coronary ischemia. Extra care should be exercised in 
patients with coronary fistulas to maintain myocardial O2 
supply and reduce demand. Materials used for emboliza-
tion can include surgical gel (Gelfoam), alcohol, and coils. 
Some of these substances can induce severe allergic reac-
tions with hemodynamic collapse. Antibiotic prophylaxis 
is mandatory to prevent bacterial endocarditis. Angiogra-
phy is used to demonstrate successful occlusion of the vas-
cular structure and ascertain appropriate placement.

VALVE PROSTHESES

Transcatheter bioprosthetic valve replacement of the pul-
monary and aortic valves is being performed. The pul-
monary valve is a bovine jugular venous valve mounted 
on a balloon-expandable Cheatham platinum stent. The 
technique is limited by the maximum size of 22  mm of 
the bovine jugular venous valve. Percutaneous placement 



of bioprosthetic valve in the pulmonary position is a real-
ity, and further refinement and miniaturization will lead 
to its application in aneurysmal right ventricular outflow 
tract. Current candidates for the implantation of trans-
catheter pulmonary valve include age of 5 years or older, 
weight of 30 kg or more, and a conduit diameter of 16 
to 22 mm. Candidates have moderate-to-severe pulmo-
nary regurgitation, often with RV dilation or dysfunction 
and mean right ventricular outflow tract gradients greater 
than 35 mm Hg. Transcatheter aortic valve replacement 
continues to be used in the management of adult patients 
with complex status and aortic stenosis who are not con-
sidered surgical candidates because of surgical risk. The 
use of these devices in pediatrics has been limited. Some 
authors have described the use of transcatheter pulmo-
nary valves in the high-pressure circuit with good short 
term performance. Complications of the transcatheter 
valve placements include wire perforation of vessels, con-
duit rupture or coronary artery compression.

EMERGENT PROCEDURES

Emergent interventions such as balloon atrial septostomy 
to ensure adequate mixing in patients with transposi-
tion physiology and in patients who have restrictive ASD 
with single ventricle physiology are lifesaving and enable 
planning surgery at a suitable time. The procedure can 
be performed at the bedside with echocardiography or 
in the catheterization laboratory with fluoroscopic con-
firmation of balloon position. Access is by the femoral 
or umbilical vein, and the balloon catheter is advanced 
through the foramen ovale into the LA. The balloon is 
inflated with contrast and pulled back via the septum 
until a satisfactory ASD is created. If the procedure is suc-
cessful, the left and right atrial pressures should equal-
ize and adequate mixing should occur. Oxygenation and 
pulmonary venous drainage should improve. Complica-
tions include atrial perforation, laceration of the mitral 
or tricuspid valves and pulmonary veins, and low cardiac 
output state. Balloon atrial septostomy is also performed 
emergently in patients receiving ECMO therapy for left-
sided heart decompression.

ENDOMYOCARDIAL BIOPSY

Typically, endomyocardial biopsies are performed as part 
of posttransplant surveillance catheterizations at regu-
lar intervals to ascertain absence of rejection in patients 
after orthotopic heart transplantation. Right-sided heart 
catheterization is usually performed by access of the right 
internal jugular vein, through which the long sheath and 
biotome are introduced. Usually five to eight samples are 
taken. Endomyocardial biopsies are also used to confirm 
a diagnosis of myocarditis or cardiomyopathy; sedation 
or general anesthesia is required for smaller children, 
although older children can undergo this procedure with 
local anesthesia alone. Children who undergo catheter-
ization during a period of acute rejection are at high risk 
for malignant arrhythmias during endomyocardial biopsy 
and might require resuscitation. A clinical history sugges-
tive of an episode of rejection includes fever, gastroin-
testinal disturbances, and arrhythmias. Complications 
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include perforation, tricuspid valve damage, and the 
development of coronary-to–right ventricular fistulas.

CARDIAC CATHETERIZATION OF PATIENTS 
SUPPORTED BY EXTRACORPOREAL 
MEMBRANE OXYGENATION

Booth and associates303 reported on the Boston expe-
rience of cardiac catheterization in pediatric patients 
supported on ECMO. Indications included assessment 
of surgical repair, left-sided heart decompression, myo-
carditis or cardiomyopathy, hemodynamic assessment, 
catheter interventions, and ablation of arrhythmias. 
The most common interventions were left-sided heart 
decompression in patients with left atrial hypertension, 
balloon angioplasty of the pulmonary arteries, and endo-
myocardial biopsy. The anesthesiologist coordinates safe 
transport of the patient on mechanical support with the 
perfusion and nursing team. The logistics of the transport, 
availability of surgeon, and blood need to be addressed 
before the transfer. Anesthesia is provided using isoflu-
rane or sedatives on the ECMO circuit, and paralysis must 
be achieved before transport. Rest ventilation of the lungs 
is continued. The anesthesiologist’s role is in managing a 
safe transport and attending to emergency mechanical, 
cardiorespiratory, and hematologic issues.

At present, hybrid techniques find a niche in lesions in 
which cardiac surgery is problematic, such as apical mus-
cular or anterior muscular VSDs or in high-risk patients 
with more complex lesions in which immediate surgery is 
contraindicated or is associated with significant morbid-
ity and mortality. Close collaboration is required so that 
a surgical approach is modified to facilitate the subse-
quent interventional approach. The hybrid approach has 
been used in the management of hypoplastic left heart 
syndrome. Stage 1 palliation is performed by creation of 
an atrial septal communication and stent placement in 
the ductus arteriosus during catheterization to maintain 
ductal patency with surgically applied external right and 
left pulmonary artery bands or transcatheter placed inter-
nal bands.304,305 A modified Norwood procedure with a 
bidirectional Glenn anastomosis is performed with CPB 
during stage 2 palliation.306 Stage 3 (Fontan operation) 
is performed entirely by transcatheter techniques.307 In 
the current surgical climate, it seems difficult to promote 
ductal stenting as a method of choice but in patients with 
contraindications to immediate surgery this provides an 
attractive bridge.308

ADULT CONGENITAL HEART DISEASE

EPIDEMIOLOGY AND CLASSIFICATION

The care of adults with CHD is a new and exciting fron-
tier in medicine. Adult congenital heart disease (ACHD) 
represents a large spectrum of clinical entities ranging 
from mild to severe and palliated to corrected, with no or 
multiple adult comorbidities. In addition, some patients 
with ACHD may have had palliative repairs no longer pri-
marily employed for specific diseases today, such as the 
Mustard or Senning procedure for dextro-transposition 
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of the great arteries (d-TGA). Another unique problem is 
therapeutic noncompliance in patients with ACHD. The 
incidence of CHD is estimated to be 3 to 6 cases per 1000 
live births. Approximately 85% of these patients can be 
expected to reach adulthood.309 The prevalence of CHD is 
rising in both children and adults, with adults represent-
ing the largest group

At the Bethesda conference in 2001, patients with 
ACHD were categorized into groups of simple, moderate, 
or great complexity based on medical diagnosis.309 Anes-
thesiologists should be aware of the Bethesda task confer-
ence recommendations for ACHD in terms of distribution 
of care for these patients. It is recommended that patients 
with CHD of great complexity be regularly seen at tertiary 
care centers that specialize in ACHD

CONSIDERATIONS IN THE CARE OF 
PATIENTS WITH ADULT CONGENITAL 
HEART DISEASE

Adults with CHD may present with unique anatomy 
or physiologic sequelae not otherwise encountered 
in pediatric patients with CHD. In addition, these 
patients may not have complete awareness or access to 
information on medical treatments completed when 
they were a child, significantly complicating their care. 
As the number of patients with ACHD increases, so 
do the chances an anesthesiologist will need to care 
for one of these patients in an emergent situation. In 
general, practitioners would want to gather as much 
information as available in regard to the details of the 
patient’s medical history, surgical repairs, and current 
functional status. General considerations include pres-
ence of arrhythmias, hypoxemia, pulmonary hyperten-
sion, ventricular dysfunction, shunts, thrombosis, and 
need for antibiotic prophylaxis. Arrhythmias are one of 
the most common sequelae in adults with CHD. Com-
mon arrhythmias occur as the result of atrial dilation 
and include atrial fibrillation or flutter, which may or 
may not be hemodynamically significant. A right bun-
dle branch block pattern of the QRS segment of the 
ECG is common after repair of TOF. In the absence 
of lung disease, hypoxemia results from a decrease of 
PBF. Limited PBF may be the result of obstruction or 
residual right-to-left shunting. Strategies to avoid fur-
ther hypoxemia include adequate hydration, ventila-
tion, and pulmonary perfusion while decreasing PVR 
or O2 consumption. It is always prudent to determine 
patient baseline SpO2 as a reference for the anesthetic. 
In addition, O2-carrying capacity may be maximized 
by the administration of packed blood cells. Many 
patients with ACHD with chronic hypoxemia may 
require hematocrit values greater than 45% to allow for 
adequate O2 delivery. Along with cyanosis, the pres-
ence of polycythemia in these patients increases their 
thrombovascular risk. The presence of pulmonary 
hypertension should always be considered when car-
ing for patients with ACHD. Chronic volume overload 
to the pulmonary vascular bed creates hypertrophy of 
the arterioles with resultant pulmonary hypertension. 
Common defects where pulmonary hypertension may 
be found in childhood include shunt lesions, which, if 
ntreated, result in pulmonary vasoocclusive disease. 
hen hypoxemia is present with these conditions, a 

igh level of suspicion for pulmonary hypertension 
nd possibly Eisenmenger syndrome is necessary. The 
nesthesiologist should always have a high level of sus-
icion for the presence of ventricular dysfunction in 
atients with ACHD. Many CHD defects place a vol-
me or pressure load on the heart that over time may 
ad to dilated or hypertrophied performance. The 

are titration of induction and maintenance agents 
hat maintain ventricular performance is warranted in 
roviding anesthesia care. Shunts of varying size and 
cation may be created in the care of hypoxic patients 
ith CHD in an effort to increase PBF. In many cases, 
atients rely on the patency of these shunts to supply 
he lungs with blood and their occlusion could be cata-
trophic. Likewise, thrombosis of various shunt or car-
iac chambers may occur related to altered patterns of 
lood flow. Therefore, specific anticoagulation strate-
ies may be required to ensure blood flow. The Ameri-
an Heart Association has provided updated guidelines 
egarding recommendations for prophylaxis against 

fective endocarditis, and specific guidelines may be 
ound in this chapter.

PECIFIC LESIONS WITH UNIQUE 
ONSIDERATIONS FOR ADULT 
ONGENITAL HEART DISEASE

etralogy of Fallot
OF consists of four defects of varying physiologic sig-
ificance: malignant type VSD, varying degrees of right 
entricular outflow tract obstruction, right ventricular 
ypertrophy, and an overriding aorta. The typical clinical 
ignificance of this pattern of cardiac anomalies is that of 
ypoxia as a result of decreased PBF. In the early stages of 

reatment of TOF the systemic–pulmonary artery shunt 
Blalock-Taussig shunt) was used to allow the child to 
row, followed by a definitive repair later in life. Many 
atients up until the 1970s may have had classic Blalock-
aussig shunt or central shunts performed. The use of the 
lalock-Taussig shunt in a modified version still occurs 
oday for some patients with TOF in whom the anatomy 
 considered high risk for an early complete repair. Typi-
ally, most clinicians prefer a complete repair electively 
ithin the first year of life in an effort to avoid second-
ry damage from the altered physiology. On occasion, 
he degree of pulmonary stenosis may protect the lung 
rom overcirculation of blood from the VSD while allow-

g adequate PBF for growth, and these patient may not 
ave undergone any type of repair. Adults with TOF may 
e found to possess any of these potential surgical repairs. 
hen caring for adult patients with TOF it is prudent to 

ttempt to determine the type of repair completed and 
unctional status of such repairs. The anesthesiologist 
hould be alert to degrees of cyanosis present in these 
dult patients, suggesting the adequacy of PBF. Arrhyth-
ias of right ventricular origin or right bundle branch 

lock patterns on the ECG may be likely if a previous 
entriculotomy was performed. Careful attention should 
e paid to signs of right ventricular failure, including 



elevated jugular venous pressures and hepatomegaly. 
Another common complication after repair of TOF is pul-
monary regurgitation, which may lead to right heart fail-
ure over time if left untreated.

Fontan Circulations
In the early1970s, Fontan and Kreutzer preformed a pro-
cedure in a patient with tricuspid atresia in an attempt 
to separate the PBF from the systemic circulation.310 
Known now as the Fontan procedure, this principle is 
applied to many types of functionally single-ventricle 
patients. The procedure essentially diverts deoxygen-
ated venous blood return directly and passively to the 
lungs, allowing the single ventricle to pump blood to 
the systemic circulation. When used in hypoplastic left 
heart syndrome, the Fontan procedure is the final staged 
procedure in a series of three, whereby the pulmonary 
circulation is separated from systemic circulation. These 
staged procedures typically occur early within the first 4 
to 5 years of life. Occasionally, adults have been found 
who, through loss of follow-up, did not undergo a com-
plete separation of circulations, with varying effects 
primarily exhibited by cyanosis and ventricular dys-
function. Even with the completion of the total cavo-
pulmonary anastomosis, many patients experience a 
decreased survival beyond 15 years after surgery. Com-
mon causes of death include thromboembolism, heart 
failure, protein-losing enteropathy, and arrhythmias.311 
When caring for adults with Fontan physiology, the 
anesthesiologist should be mindful of conditions that 
may further impair oxygenation and myocardial func-
tion. Conditions that impair passive PBF may be poorly 
tolerated, such as dehydration, acidosis, hypoxia, and 
the use of myocardial depressants. In addition, the ini-
tial Fontan procedures were completed by a direct baffle 
of the atrium to the pulmonary artery, later found to be 
an inferior type of repair because of complication from 
atrial dilation and the resultant arrhythmias. Typical 
satisfactory Fontan repairs should produce O2 satura-
tion levels of at least 95%. Some patients with ACHD 
who have undergone a Fontan procedure may require 
chronic anticoagulation for previously demonstrated or 
presumed high risk for thromboembolism, and the man-
agement of this anticoagulation must be considered for 
any surgical procedure.

Transposition of the Great Arteries
TGA occurs when the aorta arises from the anatomic RV 
and the pulmonary artery arises from the anatomic LV. 
In classic d-TGA the two circulations are in parallel and 
require mixing to be compatible with life. In the 1980s, 
surgical management of TGA consisted of atrial-level 
switch procedures—the Mustard or Senning procedure—
in which venous return to the heart was redirected at 
the atrial level though a baffle system. Therefore, highly 
oxygenated pulmonary venous return was redirected to 
the RV, which pumped to the aorta and systemic circula-
tion. Systemic deoxygenated blood was directed to the 
LV, which pumped the blood through the pulmonary 
artery to the lungs for oxygenation. Long-term complica-
tions of this strategy include atrial dilation from baffle 
obstruction or leak with resultant arrhythmias, sinus 
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node dysfunction, or sudden death. Particularly problem-
atic complications included the systemic right ventricu-
lar dysfunction, AV valve regurgitation, subpulmonary 
stenosis, and pulmonary hypertension. Today, the arte-
rial switch operation is preferred, in which the aorta 
with the coronary arteries are attached to the LV and 
the pulmonary artery is attached to the right ventricle. 
Complications from the arterial switch operation include 
regurgitation of the neoaortic valve, myocardial ischemia 
from coronary ostial stenosis, right or left ventricular out-
flow tract obstruction, residual intracardiac shunting, and 
left ventricular dysfunction.

PEDIATRIC CARDIAC 
ELECTROPHYSIOLOGY

DIAGNOSTIC EVALUATION

Cardiac Event Monitoring
Most patients with cardiac arrhythmias present with 
infrequent or episodic symptoms. These symptoms may 
include chest pain, palpitations, syncope, and presyn-
cope. Transtelephonic electrocardiographic event moni-
tors may yield documentation of the arrhythmia because 
they are portable and patient activated.312

Insertable Cardiac Recorders
Insertable loop recorders implanted subcutaneously allow 
continuous rhythm monitoring that is stored either 
when manually activated by a patient or parent or auto-
matically when high or low rate parameters are met.313 
These insertable loop recorders have value in correlating 
arrhythmias with symptoms when noninvasive means 
do not make a diagnosis. Typically, loop recorders are 
inserted under general anesthesia as an outpatient proce-
dure and cause minimal pain.

RADIOFREQUENCY ABLATION OF 
ACCESSORY PATHWAYS

Radiofrequency ablation is a nonsurgical approach 
designed to eliminate atrial or ventricular reentrant 
tachyarrhythmias. The technique requires pathway map-
ping and precision ablation of the aberrant pathway, 
using a radiofrequency ablation catheter. Catheter abla-
tion is offered to patients with refractory arrhythmias that 
are bothersome and the focus or pathway is amenable to 
ablation. In pediatrics, the electrophysiology catheters 
are introduced by femoral venous catheterization and the 
tips are positioned in the right atrial appendage, the bun-
dle of His area, right ventricular apex, and the coronary 
sinus. Occasionally, right internal jugular venous access is 
used for placement of the coronary sinus catheter. Rapid 
atrial pacing and, occasionally, an isoproterenol infusion 
are required during the mapping procedure to induce the 
arrhythmia. An ablation catheter is used to map the sub-
strate, and, subsequently, the pathway is ablated. During 
the ablation, unexpected patient movement may result in 
catheter dislodgment and damage to normal conducting 
tissue; therefore, general anesthesia is usually required 
in younger children. Anesthetic agents and techniques 
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