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should be chosen to maintain circulating catecholamines 
and avoid suppression of arrhythmogenesis, for identifi-
cation of the aberrant pathway. Our current preference is 
a propofol continuous intravenous anesthetic, although 
low-dose volatile anesthetics are equally satisfactory. 
Rapid atrial pacing and, occasionally, an isoproterenol 
infusion are required during the mapping procedure.

Severe postprocedural cardiomyopathy has been 
described but is very unusual. An underlying cardiomyopa-
thy from frequent episodes of supraventricular tachycardia 
and myocardial O2 imbalance caused by prolonged periods 
of rapid atrial pacing and isoproterenol infusions are the 
presumed causative factors. An arterial line is helpful dur-
ing these lengthy procedures for continuous monitoring 
of blood pressure and blood gases. Complications of the 
procedure include radiation exposure, tamponade, peri-
carditis, groin hematoma, arterial thrombosis, AV block, 
systemic embolization, coronary artery dissection, trauma 
to the mitral and tricuspid valves, and endocarditis.

Intraatrial Reentrant Tachycardia
Intraatrial reentrant tachycardia (IART) is associated with 
significant morbidity and mortality for many patients 
with repaired CHD, particularly after extensive atrial 
surgery, such as Fontan and atrial switch operations. 
Therapeutic options for IART include antiarrhythmic 
medications, catheter ablation, surgery, and pacing. The 
arrhythmia occurs along with long-standing myocardial 
dysfunction and residual lesions. Careful choice of anes-
thetic, monitoring, and early management of low cardiac 
output, especially in patients with single-ventricle physi-
ology, are important. Prolonged periods of arrhythmia 
induction during mapping can result in a low cardiac out-
put state, necessitating inotropic therapy. Such patients 
may need to undergo recovery in the cardiac ICU. Despite 
reports of high acute success rates with catheter ablation, 
arrhythmia recurrence continues to be problematic in 
this population.314 Acute success was reported in 93% 
of patients and was defined as no inducible, sustained 
IART. Recurrence occurred in 34% of patients, 88% within 
1 year. Patients with Fontan physiology had the highest 
recurrence rate. Inadequate lesion size and depth with 
conventional radiofrequency ablation catheters are the 
principal reasons for recurrence. Intraoperative cryoabla-
tion within the RA for patients with IART or LA for atrial 
fibrillation using preoperative and intraoperative map-
ping can be used successfully. A new generation of anti-
tachycardia pacemaker (AT500, Medtronic, Minneapolis, 
Minn.) has been used for treating IART. This device was 
able to successfully terminate 54% of treatable tachycar-
dias by use of antitachycardia pacing, with no incidence 
of ventricular proarrhythmia.315 In patients who are 
either unsuitable candidates for catheter ablation or in 
whom ablation has been unsuccessful, surgical ablation 
may be successfully combined with repair of CHD. This 
is particularly true of patients with complex physiology 
(e.g., Fontan revision with a maze procedure).316-318

Arrhythmias and Sudden Cardiac Death
Certain cardiomyopathies and channelopathies are asso-
ciated with an increased risk for sudden cardiac death 
resulting from lethal arrhythmias. The patient usually 
has a history of syncope, near-syncope, or aborted sudden 
death. Such patients present for insertion of automated 
internal cardioverter-defibrillators (AICDs) for either pri-
mary or secondary prevention.

IMPLANTATION OF PACEMAKERS AND 
DEFIBRILLATORS

Pacemakers are indicated for complete heart block or 
sinus node dysfunction with symptomatic bradycardia 
and hemodynamic decompensation (see also Chapter 48). 
Children usually require general anesthesia with endotra-
cheal intubation. It should be noted that the anesthetic can 
be associated with worsening bradycardia. Transthoracic 
pacing pads are applied before induction of anesthesia, 
and an isoproterenol (Isuprel) infusion might be required 
for chronotropic effect. External transthoracic, esopha-
geal, or emergent transvenous pacing might be necessary 
until placement of a permanent pacing device is achieved. 
In small children the pacemaker generator is typically 
placed in the upper abdomen, and in older children and 
teenagers it is placed in the subclavicular region. Epicar-
dial leads are used in small children because of inadequate 
size of the veins and in those in whom transvenous access 
to the heart is impossible (e.g., the Fontan circulation). 
Epicardial pacemaker placement usually is performed by 
a cardiac surgeon, with electrophysiologists readily avail-
able to program the device. Adequate peripheral venous 
access is mandatory in the event of major hemorrhage, 
and blood should be readily available. A mode of moni-
toring mechanical capture of electrical pacing activity is 
also necessary and can include invasive arterial monitor-
ing or pulse plethysmography. Transvenous pacing can be 
achieved in the operating room with surgical backup or in 
the cardiac catheterization laboratory by the cardiologists. 
In the latter situation it is important to address the need 
for surgical backup during case planning.

AICDs are placed for life-threatening ventricular 
arrhythmias, which include long QT syndrome, hyper-
trophic cardiomyopathy, and arrhythmogenic right 
ventricular dysplasia. Of note, the device is tested after 
placement, with induction of ventricular fibrillation. It 
is absolutely essential to have external modes of defibril-
lation available, as well as antiarrhythmics such as amio-
darone, magnesium, and lidocaine, in the event of device 
failure. These devices are placed with the patient under 
general anesthesia with endotracheal intubation and 
controlled ventilation. Invasive arterial pressure monitor-
ing is typically used. Adequate analgesia can be provided 
with local infiltration with local anesthetics and short-
acting intravenous opioids. Patients are admitted over-
night with telemetry monitoring. Appropriate antibiotic 
therapy is provided for a 24-hour period.

ADVANCES IN RESYNCHRONIZATION 
THERAPY

Bundle branch block or interventricular conduction 
delay often accompanies heart failure and some forms of 
CHD, either preoperatively or postoperatively, and may 
result in ventricular dysfunction caused by asynchronous 



 

 

 

 

 

 
 
 

 

 

 
 

 
 

equipment, the anesthesiologist needs to be prepared to 
myocardial contraction. Biventricular pacing is an 
attempt to resynchronize ventricular contraction by pac-
ing both ventricles, thereby improving overall ventricu-
lar function. In patients with left bundle branch block,
cardiac resynchronization therapy counteracts the under-
lying electrical and mechanical dyssynchrony, leading 
to improved contractility, function, exercise tolerance, 
and quality of life. Multisite pacing has been attempted 
in pediatric patients.319 Two atrial and three ventricular
epicardial leads were placed at the time of surgery, with 
the ventricular leads placed as far from one another as 
possible. Atrial synchronous ventricular pacing was estab-
lished postoperatively, and the AV interval was adjusted
to yield the narrowest QRS complex while simultaneously 
pacing two ventricular sites. Multisite pacing resulted in
significant narrowing of the QRS complex, improved car-
diac index, and increased systolic blood pressure overall.
Multisite pacing after surgery for CHD in children may 
facilitate weaning from inotropic agents, thereby limit-
ing side effects such as increasing myocardial O2 con-
sumption. Cases of biventricular pacing with improved
outcome in infants with dilated cardiomyopathy and
complete AV block have been reported.320,321 Long-term
improvements need to be studied. Right bundle branch 
block is a common outcome after surgery for congenital 
heart lesions. Right ventricular pressure, volume loading,
or both also may be present, with attendant right ven-
tricular enlargement and dyskinesis. The QRS duration
decreased in all patients during dual-chamber pacing. 
Cardiac index also increased during resynchronization
with dual-chamber pacing. The pacing site yielding the
narrowest QRS duration also improved the cardiac index 
the most.322,323

ANESTHESIA FOR NONCARDIAC SURGERY

INFECTIVE ENDOCARDITIS PROPHYLAXIS: 
AMERICAN HEART ASSOCIATION 
GUIDELINES

Guidelines for infective endocarditis prophylaxis were
updated by the American College of Cardiology and the
American Heart Association in 2008. A detailed discus-
sion of the changes is beyond the scope of this chapter.
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Procedures for which prophylaxis for infective endo-
carditis is recommended include the following324:

 •  Dental procedures involving manipulation of the 
gingival tissue or periapical region of the teeth or 
involving perforation of the oral mucosa

 •  Respiratory procedures involving incision of the 
respiratory mucosa

 •  Procedures involving infected skin, skin structure, or 
musculoskeletal tissue

  

Prophylaxis is no longer routinely recommended for 
gastrointestinal and genitourinary procedures. For elec-
tive procedures, coexisting enterococcal urinary tract 
infections should be treated before genitourinary or 
gastrointestinal procedures; for emergent procedures, in 
patients at highest risk for infective endocarditis, prophy-
laxis can be considered.

Conditions for which prophylaxis is recommended for 
dental procedures include the following (Table 94-12):

 •  Prosthetic cardiac valve
 •  Previous infective endocarditis
 •  Unrepaired congenital heart disease, including 

palliative shunts and conduits
 •  Completely repaired congenital heart disease with 

prosthetic material or device within the first 6 months 
after the procedure

 •  Repaired congenital heart disease with residual defects 
at the site or adjacent to the site of a prosthetic patch 
or device

 •  Cardiac transplant recipients who develop cardiac 
valvulopathy

  

These are guidelines only. The authors’ practice at the 
current time is to consult the child’s cardiologist and 
make a decision based on the child’s condition, the oper-
ative procedure, the risk for bacteremia, and the cardiolo-
gist’s opinion.

MAGNETIC RESONANCE IMAGING OF  
THE HEART

Apart from the usual considerations of providing gen-
eral anesthesia in a remote location, when working in 
a magnetic field necessitating the use of magnet-safe 
TABLE 94-12 INFECTIVE ENDOCARDITIS PROPHYLAXIS

Single Dose 30-60 min Before Dental Procedure

Situation Drug Adults Children

Oral Amoxicillin 2 g 50 mg/kg
Unable to take oral medication Ampicillin or 2 g IM/IV 50 mg/kg IM/IV

Cefazolin/ceftriaxone 1 g IM/IV 50 mg/kg IM/IV
Allergic to penicillins/oral Cephalexin or 2 g 50 mg/kg IM/IV

Clindamycin or 600 mg 20 mg/kg IM/IV
Azithromycin/clarithromycin 500 mg 15 mg/kg

Allergic to penicillins/unable to take oral 
medication

Cefazolin/ceftriaxone or 1 g IM/IV 50 mg/kg IM/IV

Clindamycin 600 mg 20 mg/kg

Vancomycin is an alternative for patients who are unable to tolerate a β-lactam or when the infective agent is considered to be methicillin-resistant 
Staphylococcus aureus.
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provide resuscitative care in these patients. Patients with 
implanted devices and hardware need to be assessed to 
ensure magnet compatibility and safety. Generally, pace-
makers, implanted defibrillators, and aneurysm clips are 
contraindications to MRI. Other coils, stents, and surgical 
clips produce interference and artifact with imaging but 
do not constitute a threat to patient safety. Usually an 
MRI screening form is part of the evaluation and needs 
to be discussed with the MRI technologist or radiologist. 
In a majority of patients, the scan can be performed as 
an outpatient procedure. Patients who are younger, unco-
operative, or claustrophobic require sedation or general 
anesthesia. Total intravenous anesthesia can be provided 
with a propofol infusion and a natural airway, avoiding 
the need for scavenging and allowing rapid recovery.325 
Anesthesia has been provided with a range of inhala-
tional agents, such as dexmedetomidine, ketamine, and 
midazolam.326 In patients for whom breath holding is 
necessary and potential for airway compromise exists, 
general endotracheal anesthesia with positive-pressure 
ventilation may be required and is often necessary when 
coronary artery anatomy details are required. Irrespec-
tive of the technique chosen it is mandatory to maintain 
continuous monitoring of heart rate, pulse oximetry, cap-
nography, noninvasive blood pressure, and temperature. 
Supplemental O2 should be delivered until the patient is 
fully recovered from the anesthetic. In the event of hemo-
dynamic compromise, the patient should be removed 
from the MRI scanner into a safe environment where 
resuscitation equipment can be safely used. With the 
development of compatible catheters and devices, MRI 
will be a useful tool in minimizing x-ray exposure, par-
ticularly in patients whose congenital heart disease neces-
sitates numerous catheterization procedures. Razavi and 
associates327 have described their experience of MRI used 
in combination with fluoroscopy to decrease radiation 
exposure and improve soft tissue visualization during car-
diac catheterization of congenital heart disease patients.

OFFSITE ANESTHESIA IN CARDIAC 
SURGERY PATIENTS

Patients with cardiac disease are no different from any 
other group of patients who require procedures or inves-
tigations in areas outside the operating room. Therefore, 
anesthesiologists should always be prepared for any 
eventuality and follow guidelines such as those set out 
by the American Society of Anesthesiologists. This dis-
cussion will exclude procedures performed in the cardiac 
catheterization laboratory because this has already been 
addressed elsewhere (see also Chapter 68). The nature 
of congenital cardiac surgery will result in a number of 
patients’ requiring emergent chest exploration for ongo-
ing hemorrhage or as part of resuscitation to relieve tam-
ponade or for ECMO placement, all of which may take 
place in the ICU setting. It is obvious that we cannot 
predict which patients will have problematic postopera-
tive courses with absolute certainty, but the practitioners 
who have participated in the operative phase will gain 
an accurate sense of which patients may require possible 
further exploration or surgery. Accordingly, it is best to 
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lan ahead, and it cannot be stressed enough that even if 
s a group of practitioners we are overprepared, this is the 
est option to have. This being said, it is imperative that 
he patient have enough blood and blood products (see 
lso Chapter 61) available to perform surgery at any given 
ime. Successful treatment of these patients depends on 
 team approach to their care, and thus surgeons, anes-
hesiologists, intensivists, perfusionists, and operating 
oom nurses must be immediately available. When the 
ecision is made to perform a procedure within the ICU, 
peed of preparation is of the essence. We are fortunate 
n our practice that we can obtain a set of premade drugs, 
lectrolytes, and infusions within a 15-minute period. 
nvariably, if a patient is within a few hours’ window 
rom returning from the operating room, this same set of 
rugs will have accompanied the patient from the operat-

ng room to the ICU and can thus be accessed. Emergent 
reparation includes ensuring that blood is checked and 
hat a warmer is set up ready for use, emergency drugs 
re present as mentioned, and the code cart (with inter-
al paddles) is readily available. The blood that will be 
sed for these procedures will include fresh whole blood 
<48 hours old and remaining from the operating room) 
r packed RBCs, which in our practice is less than 7 days 
ld, or for blood older than this we would prefer it to 
e washed to avoid the possibility of acute hyperkalemia 
ith transfusion. An anesthesiologist’s role here is thus 
ne of facilitation of the entire procedure from sedation 
f the patient, positioning and preparation, readying the 
lood, and continuing ongoing volume resuscitation, 
esuscitative drug use, and airway management.

The premature infant with a PDA poses an interesting 
anagement problem to cardiac surgery teams because 

requently these ill neonates are at hospitals remote from 
ajor centers where the team is normally assembled. As 

eferenced in an article by Gould and associates,284 our 
eam has been performing these ductal ligations with 
reat success at hospitals remote from ours. The philoso-
hy is to take the cardiac team to the neonate instead 
f having these fragile infants transported to us. In this 
rticle, neonates operated on in our home hospital NICU 
ere used as the controls, and it was found that the suc-

ess and complication rates were comparable in the two 
roups. Thus, from an anesthetic perspective we travel 
ith a full complement of airway equipment and drugs, 
s described earlier, with packed red cells being made 
vailable at the host hospital. The anesthetic regimen 
or this procedure comprises a high-dose opioid, muscle 
elaxant, antibiotic, and a continuation of any preopera-
ive vasoactive infusions. We have found that this is a 
table and well-tolerated anesthetic regimen.

The requirement for anesthesia services is ever-widening, 
nd in patients with pediatric heart disease this is also 
he case. Thus the patients will require radiologic investi-
ations, including CT, MRI, and nuclear medicine scans; 
nterventional radiology procedures; and gastrointesti-
al procedures, to name a few. Before discussion of the 
atient and the anesthetic, it is important for the prac-
itioners to have a thorough knowledge of the environ-

ent into which they are taking the patient with regard 
o magnetic fields, closest code cart, and the ability to get 
elp quickly if needed. Without going into the specifics 
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of every potential clinical scenario, a few basic points are 
discussed.

As with any anesthetic procedure, a thorough preop-
erative evaluation is vital. Most patients with pediatric 
heart disease have long and complex histories, so this 
assessment should include a detailed description of their 
cardiac status, including prior surgeries, catheterization 
findings, and associated conditions (e.g., neurocognitive 
function, pulmonary status, renal function). Depending 
on the patient’s underlying condition a recent echocar-
diogram will give very important clinical details related 
to overall function, valve pathology, presence or absence 
of intracardiac shunt, patency of surgical shunts, and 
presence of pericardial fluid. Although this may be ideal, 
often the echocardiographic examination may be remote 
from the anesthetic encounter and thus the clinical his-
tory and examination are important. The group of heart 
transplant patients, however, requires an echocardiogram 
within a short time of the planned procedure because it 
will give vital information that may indicate worsening 
function in an otherwise asymptomatic patient. The last 
point is the nothing-by-mouth period. Many patients in 
this group have physiology in which dehydration may 
be very deleterious (e.g., single-ventricle physiology, pres-
ence of surgical shunts, unrepaired TOF). In these patients 
it is important that the patient stay orally hydrated up 
to 2 hours before the planned procedure; if this is not 
possible, intravenous fluids must be used. The anesthetic 
course will depend on the duration of the planned pro-
cedure, the patient’s physiology (i.e., spontaneous ver-
sus controlled ventilation), airway management (natural 
versus laryngeal mask airway versus endotracheal tube 
airway), anesthetic maintenance, travel to and from the 
procedural area, and maintenance of the patient’s tem-
perature. Before leaving the induction area the anesthetic 
team must be prepared for airway misadventures and even 
a code situation; thus, the team must travel with auxil-
iary airway equipment and resuscitative drugs. The very 
number of these different venues may make it difficult 
to have an anesthesia machine present in each; however, 
an anesthetic cart with additional airway equipment, 
intravenous materials, and resuscitative drugs should be 
present. The anesthetic that is delivered may vary among 
practitioners and institutions, but the common details 
of importance are a thorough knowledge of the patient 
and the ability to treat expeditiously should any difficulty 
ensue in a remote venue.
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K e y  P o i n t s

 •  The role of family in the pediatric intensive care unit (PICU) has evolved over 
time, and the inclusion of family in the care of their child is now recognized as an 
important part of critical care.

 •  Congenital heart disease causes significant alterations in oxygenation, perfusion, 
and myocardial function after birth, and it can be categorized into hypoxic and 
normoxic lesions.

 •  The overall goal of therapy in shock is to treat the underlying cause, return 
adequate oxygen delivery to the tissues, and remove metabolic products that 
developed during anaerobic metabolism. It appears that the faster the body 
returns to adequate perfusion, the better the overall outcome.

 •  One of the recent changes in neonatal resuscitation in the 2011 Neonatal 
Resuscitation Program Guidelines is the recommendation of positive pressure 
ventilation (PPV) with room air, unless chest compressions or medications are needed 
during the resuscitation, then the recommendation is still for PPV with 100% oxygen.

 •  Pediatric cardiac arrest is not a rare event. At least 16,000 American children  
(8-20 per 100,000 children per year) suffer a cardiopulmonary arrest each year.

 •  The four distinct phases of cardiac arrest and cardiopulmonary resuscitation (CPR) 
interventions are: (1) pre-arrest, (2) no-flow (untreated cardiac arrest), (3) low-flow 
(CPR), and (4) post-resuscitation and arrest.

 •  Acute respiratory distress syndrome (ARDS) diagnostic criteria have been revised 
recently and are now the Berlin Definition, where ARDS is separated into three 
mutually exclusive categories based on the degree of hypoxia. Mild is PaO2/FiO2 
= 201 to 300 with positive end-expiratory pressure (PEEP) > 5, moderate is PaO2/
FiO2 = 100 to 200 with PEEP > 5, and severe is PaO2/FiO2 < 100 with PEEP > 10.

 •  Traumatic brain injury (TBI) is composed of two components—an initial primary 
injury owing to direct mechanical deformation of brain parenchyma and a 
subsequent secondary injury that can develop over hours to days. Secondary 
injury may be the result of multiple mechanisms including ischemia, excitotoxicity, 
metabolic failure and eventual apoptosis, cerebral swelling, axonal injury, and 
inflammation and regeneration.

 •  A vascular occlusive crisis in the lungs leads to acute chest syndrome (ACS). Acute 
chest syndrome is the leading cause of death and the second most common 
complication in sickle cell disease.

 •  Tumor lysis syndrome is a metabolic crisis precipitated by acute lysis of a large 
number of tumor cells. Serum uric acid, potassium, and phosphate concentrations 
are elevated. The elevated phosphate concentrations cause hypocalcemia.

 •  Accidents and trauma are the leading causes of death in children 1 to 14 years of age.
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ELATIONSHIP BETWEEN THE INTENSIVE 
ARE UNIT AND THE OPERATING ROOM

he field of pediatric intensive care may have originated 
rom anesthesia, but these areas have grown apart over 
ime. Because of the extensive training required, few 
854
individuals are qualified to cover both disciplines. With 
more complex patients, care will occur in the operating 
room and the intensive care unit (ICU). There needs to 
be excellent communication between the ICU and oper-
ating room clinicians to ensure a seamless transition of 
care. Many institutions require attending-to-attending 



handoff between the ICU and anesthesia for each case. 
This should occur in both the preanesthetic and post-
anesthetic setting. Information regarding current ICU 
therapy response can simplify a potentially difficult 
anesthetic. Similarly, understanding the operative and 
anesthetic course will guide the next several days of 
management in the ICU. A complete anesthesia sign-out 
includes pertinent past medical history, allergies, ease of 
airway management, venous and arterial access, blood 
and fluids given, the need for inotropic drugs, medica-
tions delivered including timing of antibiotics, compli-
cations, laboratory values, and the most recent analysis 
of arterial blood gases (ABGs). This information may be 
available in the anesthetic record; however, a short verbal 
summary by the anesthesiologist provides details that are 
more practical.

FAMILY PARTNERED CARE IN THE 
PEDIATRIC INTENSIVE CARE UNIT

The role of family in the pediatric intensive care unit 
(PICU) has evolved over time. The inclusion of family in 
the care of their child is now recognized as an important 
part of critical care. Many intensivists identify the family 
unit as their patients. In many pediatric hospitals, parents 
are invited to participate in multidisciplinary rounds with 
the nurses, respiratory therapists, and physicians working 
with their child. The literature indicates that including 
families in rounds does not require more time than tra-
ditional rounds, and it does not compromise teaching.1 
Privacy can be maintained even in an open-bed environ-
ment. Satisfaction with this model is reported from fami-
lies and care providers in the unit. More ICUs likely will 
move to this model over time.

Parents of children admitted to an ICU can incur severe 
emotional distress, sometimes resulting in symptoms of 
posttraumatic stress disorder.2 The ICU is a unique and 
often terrifying experience for families and children. The 
process of ICU care involves multiple caregivers, changing 
shifts, and endless physicians (e.g., residents, students, fel-
lows, multi-specialists). For families in the ICU, there can 
be a loss of control, significant financial worries, and other 
factors that affect coping. Helping parents to cope with 
their child’s critical illness and these stressors is a cen-
tral part of intensive care. Parents may display behaviors 
that are out of context and may seem abnormal, such as 
excessive clinginess, intellectualizing the process, blaming 
others (including their spouses), minimizing, and seeking 
opinions everywhere (e.g., the Internet, the environmen-
tal care people). It is imperative to attempt to understand 
what impels these behaviors to provide optimal care. It is 
also important to help the parents be parents and educate 
them about their child’s illness. This situation emphasizes 
that social workers, psychologists, and child and family 
therapists are all part of the critical care team.

With the move to family-centered care, the issue of 
parental presence during invasive procedures and espe-
cially cardiopulmonary resuscitation (CPR) needs to be 
addressed. Unfortunately, most studies are from the setting 
of an emergency department rather than an ICU. A review 
by Dingeman and associates3 found that 10 of 15 studies  
Chapter 95: Pediatric and Neonatal Intensive Care 2855

conducted in emergency departments addressed the issue 
of parental presence during procedures or CPR. A study 
by Dudley and associates4 indicates that family presence 
does not delay care in pediatric trauma resuscitations. 
Mangurten and colleagues5 also showed that care was 
uninterrupted by family presence during CPR or invasive 
procedures and that there was overall parental satisfac-
tion. The experience of families present during CPR in a 
PICU setting was also positive.6 Actually, allowing par-
ents to stay during procedures or resuscitation may be 
helpful for the parents coping with the trauma of a criti-
cally ill child. Caregiver attitudes toward parental pres-
ence will need to be addressed as the likelihood of this 
event increases over time. The decision to allow parental 
presence cannot be forced on everyone. There should be 
in place a means for declining on the part of the clini-
cian as well as the parent. In addition, an attendant for 
family members during these events is necessary; this is 
similar to the issue of parental presence during induction 
of anesthesia in the operating room (also see Chapter 93). 
Arrangements need to be made in advance to instruct 
family so that clinical care is not interrupted. In our ICUs 
this role been filled by social workers or members of the 
medical team. Parental presence during invasive proce-
dures may pose a different challenge as these events occur 
more frequently compared with CPR. In the same man-
ner, someone other than the person performing the pro-
cedure should be looking after the family.

DISCLOSURE OF MEDICAL ERRORS

We believe that it is ethically correct to disclose medi-
cal errors to families; however, some clinicians may con-
tinue to resist because of concerns regarding litigation. 
In a survey of 1018 Illinois residents, 27% indicated that 
they would sue, but 38% stated that they would recom-
mend the hospital if appropriate disclosure and remedia-
tion occurred.7 The conclusion drawn by the author of the 
study was that “Patients who are confident in their provid-
ers’ commitment to disclose medical errors are not more 
litigious and far more forgiving than patients who have no 
faith in their providers’ commitment to disclose.” Expla-
nations of medical errors to the family should come from 
the senior member of the team. This is usually the current 
ICU attending, but it can be the medical director of the 
ICU based on the complexity of the incident and outcome. 
The discussion should include an explanation of what 
happened in nontechnical language, how it occurred, the 
repercussions and change of care planned for the child, 
and what will be done to prevent a similar error in the 
future. We find it helpful to have the ICU social worker 
present to help validate concerns and provide support. The 
attending physician remains present until all questions are 
answered or additional time is scheduled, if necessary. Most 
hospitals will track errors or negative outcomes through a 
quality-assurance program. Depending on the incident, a 
“root cause analysis” should be performed. Medical errors 
will occur, but these should be viewed as opportunities to 
improve practice quality and prevent future events.

In an ICU setting, there unfortunately will also be a 
need to cope with death and dying.8 Palliative care plays 
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an important role when nothing medically can be done 
for the child (see Chapter 65). We also find their services 
exceedingly helpful for children with chronic medical 
conditions who are anticipated to die during a future 
admission. Using a team approach, we try to minimize 
pain and suffering for the child and family at the end of 
life. Caregivers and ICU team members must understand 
when to allow the families’ choices and support them 
over what may be their own beliefs and practices—as long 
as the goal remains to prevent further pain and suffering.9 
The awareness of medical futility is increasing over time; 
however, with this concept, there is a significant inter-
play with financial, societal, ethical, personal, and reli-
gious opinions and feelings. It may be difficult to define 
futility, but when the pain and suffering of continuing 
life are more severe than the inevitability of death, care 
may become futile. Pain relief and caring support for the 
child and family are never futile.

ORGANIZATION OF THE PEDIATRIC 
INTENSIVE CARE UNIT

Medical and nursing directors, hospital administrators, 
and representatives from pediatric medicine, anesthe-
sia, surgery, and the pediatric subspecialties should be 
responsible for policy and procedures pertaining to the 
PICU, and they should make recommendations regarding 
personnel staffing, equipment purchases, and structural 
and design changes within the unit.

The medical director oversees the quality of patient 
care, patient triage, implementation of policy and proce-
dures, in-service education, and coordination of consul-
tants. Ideally, physician coverage should be full-time at 
the resident, fellow, and attending staff level and should 
include in-house, full-time coverage at night.

The nursing director should have special skills in pedi-
atric intensive care, education, and personnel manage-
ment. The nursing staff must be trained in all aspects of 
pediatric critical care and resuscitation. Staffing should 
be flexible enough to provide one-on-one patient care 
when necessary. A multidisciplinary in-service program is 
essential for continuing education and orientation.

Other team members include respiratory therapists, 
physical therapists, nutritionists, social workers, labora-
tory technologists, pharmacists, and psychiatrists and 
psychologists for the patients and staff. All medical and 
support personnel should be encouraged to participate 
in rounds, educational endeavors, and team meetings 
whenever possible.

There must be adequate workspace around each bed 
and enough storage space to keep life-support equipment 
within reach. Space for reading, meeting, sleeping, and 
showering should be available for the staff members. 
Space should be provided for parents to remain with 
their children during the day and for parents to sleep 
overnight. Parents should be encouraged to participate as 
much as possible in the care of their child.

Each bed space should be standardized so that it can be 
used to provide any level of care. Private rooms are ideal, 
but if shared rooms are necessary, the distance between 
beds must be adequate to ensure privacy and minimize 
nosocomial infection. Isolation rooms should be avail-
able within the confines of the unit.

Devices for diversion and entertainment should be 
available for conscious children. Television and computer  
games are often better than heavy sedation.10,11 Adequate 
nurses and nursing involvement at the bedside will pre-
vent potentially life-threatening events. Because sick 
children require close personal observation, centrally 
monitored nursing stations have little place in the PICU.

CARDIOVASCULAR SYSTEM  
(SEE ALSO CHAPTERS 93 AND 94)

STRUCTURAL AND FUNCTIONAL 
DEVELOPMENT

The shape of the heart is complete by 6 weeks’ gesta-
tion, but myofibrillar density and maturation increase 
through the first year of postnatal life. During this time, 
myocytes engage in rapid protein synthesis and rapid cell 
growth, which requires a high intracellular concentration 
of nuclei, mitochondria, and endoplasmic reticulum. 
The greater number of nonelastic and noncontractile ele-
ments makes the neonatal myocardium less compliant 
and it contracts less efficiently than the adult myocar-
dium. In the fetus and newborn, the decreased ventric-
ular compliance causes small changes in end-diastolic 
volume to induce large changes in end-diastolic pressure. 
In addition, augmentation of stroke volume by the Frank-
Starling mechanism is less effective in young children. 
The newborn is more dependent on heart rate for main-
tenance of cardiac output.12,13 Cardiac output increases 
only approximately 15% with intravenous fluid admin-
istration; increasing the heart rate, however, increases 
cardiac output.14 This consideration is important when 
taking care of the critically ill infant.

DEVELOPMENT OF THE CIRCULATION

The adult and fetal circulation differs in many ways. The 
fetal circulation is distinguished by (1) the placenta as the 
organ of respiration, (2) high pulmonary vascular resis-
tance (PVR), (3) low systemic vascular resistance (SVR), 
and (4) fetal ventricles that pump in parallel with right 
ventricular dominance. While the fetus lives in a low 
oxygen environment, the oxygen content of the blood of 
the fetus is similar to that of adults (20 mL of oxygen per  
100 mL of blood) because of a higher concentration of 
hemoglobin that has high affinity for oxygen. The neo-
natal circulation has several shunts—the ductus arterio-
sus, ductus venosus, and foramen ovale—that direct more 
oxygenated blood to the brain and heart and bypass the 
lungs. Changes then occur that allow parallel circulation 
of the fetus to convert to the series circulation of the adult:

 1.  With the first breath, expansion of the lung, increased 
alveolar oxygen, an increase in pH, and neurohumoral 
mediators and nitric oxide (NO) relax the pulmonary 
vasoconstriction.15

 2.  When the placenta separates from the uterine wall, 
the placental blood vessels constrict, and SVR and left 



ventricular afterload increase. The decrease in PVR plus 
increase in SVR raises left atrial pressure above right 
atrial pressure and functionally closes the “flap valve” 
of the foramen ovale. The foramen ovale may not close 
anatomically for months to years, if ever. It is patent in 
at least 15% of adults.16,17

 3.  The decrease in PVR causes flow through the ductus 
arteriosus to reverse. This exposes the ductus to oxygen-
ated systemic arterial blood, which along with the rapid 
decrease in prostaglandin E2 after birth, closes the ductus. 
Anatomic closure of the ductus requires several weeks.

 4.  The ductus venosus closes passively with removal of 
the placental circulation and readjustment of portal 
pressure relative to inferior vena cava pressure.

 5.  There is a further gradual decline in PVR secondary 
to structural remodeling of the muscular layer of the 
pulmonary blood vessels. During fetal life, the central 
pulmonary vascular bed has a relatively thick muscle 
layer. After birth, the muscle coat thins and extends to 
the periphery of the lung, a process that takes months 
to years to complete.

DEVELOPMENT OF AUTONOMIC CONTROL 
OF THE CIRCULATION

The functional integrity of autonomic circulatory control 
during fetal and perinatal development is still a matter 
of considerable speculation. The fetal heart has reduced 
catecholamine stores and increased sensitivity to exog-
enously administered norepinephrine.

Adrenergic innervation of the human myocardium is 
complete between 18 and 28 weeks’ gestation. Human 
newborns have low cardiac stores of norepinephrine and 
decreased numbers of sympathetic nerves after birth. 
Adrenergic responses are apparently present, but dimin-
ished in newborn humans. In human neonates, the cho-
linergic system is completely developed at birth, and the 
heart is sensitive to vagal stimulation. Bradycardia is the 
probable response to an increase in autonomic tone. The 
baroreceptor reflex is present, but incompletely developed 
at term in humans. In preterm infants, postural changes 
elicit no change in heart rate, suggesting an incomplete 
or attenuated baroreceptor response.16 The chemorecep-
tor response is well developed in utero. The fetal brady-
cardia that occurs in response to hypoxia is thought to be 
mediated through chemoreceptors and may be similar to 
the oxygen-conserving mechanisms of diving animals.17

MYOCARDIAL METABOLISM

Fetal myocardial metabolism differs from that of adults. 
Relative hypoxia is normal in utero, and infant hearts tol-
erate hypoxia better than adult hearts do. This difference 
may be due in part to high concentrations of glycogen in 
fetal myocardial tissue and to the ability to use anaerobic 
metabolism more effectively. Because of the high glyco-
gen stores and the ability to use anaerobic metabolism 
efficiently, the fetal or newborn heart is relatively resistant 
to hypoxia and can be resuscitated more easily if oxygen-
ation and perfusion are reestablished reasonably quickly.

Oxygen consumption increases precipitously after birth, 
presumably because neonates are required to maintain 
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their own temperature. A full-term infant’s oxygen con-
sumption in a neutral thermal environment is approxi-
mately 6 mL/kg/min; it increases to 7 and 8 mL/kg/min at 
10 days and 4 weeks, respectively.

COMMON CARDIOVASCULAR  
DISEASE STATES

CONGENITAL HEART DISEASE

Congenital heart disease causes significant alterations in 
oxygenation, perfusion, and myocardial function after 
birth (Box 95-1; also see Chapter 94). These abnormali-
ties can be divided into hypoxic and normoxic lesions. 
The latter include obstructive lesions of the left side of 
the heart (mitral valve stenosis, aortic valve stenosis, aor-
tic stenosis, anomalous pulmonary venous return, ven-
tricular septal defect, or patent ductus arteriosus with 
a right-to-left shunt), whereas hypoxic lesions include 
tricuspid valve stenosis, pulmonary valve stenosis, pul-
monary artery stenosis or aplasia, and the tetralogy of Fal-
lot. Right-sided lesions cause hypoxia if the left-to-right 
shunting of blood is sufficient to cause congestive heart 
failure (CHF) and pulmonary edema.

Newborns with significant congenital heart disease 
commonly have either cyanosis or CHF (Box 95-1). 
The degree of dysfunction usually changes during the 
first few months of life as PVR decreases to adult levels. 
As PVR decreases, left-to-right shunting of blood usu-
ally increases, and the symptoms of CHF become more 
apparent. Many neonates with a significant ventricular 
septal defect, which may or may not be observed during 
the preoperative workup, have no left-to-right shunt-
ing for several weeks after birth; however, induction of 
alkalosis during surgery can increase shunting. In the 
newborn, the usual signs and symptoms of CHF include 
poor feeding, irritability, sweating, tachycardia, tachy-
pnea, decreased peripheral pulses, poor cutaneous perfu-
sion, and hepatomegaly. Many patients with pulmonary 
edema exhibit tachypnea without retractions. Cyanosis 
occurs with structural cardiac disease, but other causes 
such as respiratory disease, increased PVR (persistent pul-
monary hypertension), and methemoglobinemia must 
also be considered.

 1.  Cyanotic congenital heart lesions
 •  Tetralogy of Fallot
 •  Transposition of the great arteries
 •  Hypoplastic left heart syndrome
 •  Pulmonary atresia with an intact ventricular septum
 •  Single ventricle
 •  Total anomalous pulmonary venous return
 •  Tricuspid atresia
 2.  Congenital heart lesions manifested as congestive heart failure
 •  Ventricular septal defect
 •  Patent ductus arteriosus
 •  Critical aortic stenosis
 •  Coarctation of the aorta

BOX 95-1 Common Congenital Heart 
Malformations in the Newborn
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Congenital heart disease is diagnosed by physical 
examination, electrocardiogram, chest radiograph, and 
postnatal echocardiogram, and via fetal echocardiogra-
phy. Cardiac catheterization is occasionally performed as 
interventional therapy or as a diagnostic tool. Magnetic 
resonance imaging (MRI) is used to define the anatomy of 
congenital heart lesions before cardiac surgery.

Initial treatment of congenital heart disease is aimed 
at relieving CHF, improving systemic perfusion, and 
improving or maintaining pulmonary blood flow. The 
ductus arteriosus must be maintained open in instances 
of hypoplastic left heart syndrome, aortic stenosis or atre-
sia, interrupted aortic arch, and symptomatic neonatal 
coarctation of the aorta. In many cases, infusion of pros-
taglandin E1 sustains life until surgical palliation can be 
performed.18

ACUTE CIRCULATORY FAILURE  
IN CHILDREN (SHOCK AND SEPSIS)

Shock
Shock is the inability to provide adequate oxygen to the 
tissues that require it. The condition of shock depends on 
the balance of supply and demand of oxygen. Typically, 
the body delivers excess oxygen to the tissues. Under peri-
ods of stress or illness, there can be a decrease in supply 
caused by diminished blood flow or as decreased oxygen 
in blood. There can also be increased demand or oxygen 
extraction from the tissues. The content of oxygen in the 
blood is dependent on the amount bound to hemoglo-
bin and the amount dissolved in plasma: Oxygen content 
(Cao2) (mL/dL) = (1.34g/dL) (Sao2) (Hb) + (PaO2) (0.003). 
The normal oxygen content is approximately 20 mL/dL.  
Delivery of oxygen to the tissues depends on oxygen 
content and cardiac output. Oxygen delivery (ḊO2) (mL/
min) = oxygen content (Cao2) × cardiac output (CO). 
Oxygen consumption (V̇O2) is the demand portion of 
the equation. Oxygen consumption (V̇O2) is indepen-
dent of oxygen delivery (ḊO2) above a critical threshold 
and over a wide range. Below this critical threshold, V̇O2 
is dependent on ḊO2. For infants and young children V̇
O2 is estimated at 175 mL/min/m2. Oxygen consumption 
is equal to oxygen delivery multiplied by oxygen extrac-
tion (O2EX) by the body: V̇O2 = ḊO2 × O2EX. Oxygen 
extraction O2EX is equal to (CaO2 – CvO2)/Cao2. Cao2 
is the oxygen content of arterial blood and CvO2 is the 
oxygen content of venous blood. The difference between 
oxygen content of arterial and venous blood is predict-
ably 4 to 6 mL/100 mL blood. Initially, as oxygen delivery 
decreases, the oxygen consumption can remain constant 
via increased extraction. Below a critical threshold in oxy-
gen delivery, oxygen consumption becomes dependent 
on delivery. When oxygen cannot meet the metabolic 
needs of the body, nonessential metabolism is decreased 
or eliminated. Such metabolism includes growth, neu-
rotransmitter synthesis, thermoregulation, and so on. 
In this way, the remaining oxygen can continue to be 
substrate for mitochondria. There are organs in the body 
such as the kidney, skin, intestines, and skeletal muscle 
that receive a high supply of blood relative to their meta-
bolic needs. These organs also have a high proportion of 
sympathetic nerve innervations that allow for redistribu-
tion of blood flow to organs with limited oxygen reserves, 
such as the brain and heart.

Classification of Shock
There are several schemas that clinicians use to classify 
shock. Furthermore, within these classification schemas, 
disease states can fall into more than one category. One 
classification schema separates shock into hypovolemic, 
cardiogenic, distributive or vasogenic, and extracardiac 
obstructive.

Hypovolemic shock can be due to hemorrhage from 
trauma or gastrointestinal (GI) losses from internal bleed-
ing. Nonhemorrhagic hypovolemic shock can be due to 
external losses of fluid from vomiting, diarrhea, polyuria, 
and poor fluid intake. Fluid redistribution in cases of 
burns, trauma, and anaphylaxis can also be a cause.

Cardiogenic shock can be myopathic because of 
decreased heart function. It commonly follows myocar-
dial infarction in adults. For children, myocarditis or 
cardiomyopathy are more common. Other causes of car-
diogenic shock include mechanical failure, such as valvu-
lar regurgitation or obstruction. Significant arrhythmias 
can result in cardiogenic shock when contractions are so 
asynchronous that they decrease cardiac output.

Extracardiac obstructive shock results from a physical 
obstruction that prevents adequate forward circulatory 
flow. Causes include inadequate preload secondary to 
mediastinal masses, increased intrathoracic pressure from 
tension pneumothorax, constrictive pericarditis, and car-
diac tamponade from pericardial effusions. Pulmonary 
hypertension, pulmonary embolus, and aortic dissection 
can cause obstruction to systolic contraction.

Distributive shock is caused by a decrease in systemic 
vascular resistance and the maldistribution of end-organ 
blood flow. Cardiac output can be increased in distribu-
tive shock; however, arterial blood pressure can remain 
low because of a very low systemic vascular resistance. 
Septic causes of distributive shock can be related to bacte-
rial, fungal, viral, or rickettsial infections or toxins pro-
duced from these infections. Toxic shock syndrome is an 
example of toxin-mediated hypotension. Anaphylactic or 
anaphylactoid reactions are a type of distributive shock. 
Systemic inflammatory response syndrome (SIRS) may 
present with distributive shock. Spinal shock can result in 
distributive shock on a neurogenic basis. Adrenal insuffi-
ciency with low circulating hormones results in distribu-
tive shock decreased systemic vascular resistance.

Diagnosis of Shock
Maintaining a high index of suspicion is important to 
identify shock rapidly in pediatric patients. Volume losses 
may be readily apparent from the history of present ill-
ness. Fever, rash, and irritability can indicate infection; 
however, cardiogenic shock can appear with vague reports 
of decreased activity and level of alertness. In addition, if 
the patient’s shock is currently compensated, changes in 
physical findings may be limited. A child in shock may 
initially exhibit tachycardia, cold extremities, and poor 
capillary refill. Furthermore, in distributive shock the 
child may be warm with just an isolated tachycardia. A 
brief pertinent physical examination should evaluate 
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level of alertness, peripheral perfusion, mucous mem-
branes, pulse rate and quality, respiratory effort, urine 
output, and arterial blood pressure. In children, arterial 
blood pressure may be preserved until the degree of shock 
has progressed. Hypotension is a sign of late and decom-
pensated shock in children. Metabolic acidosis may not 
be initially present.

Compensatory Mechanisms
The body applies compensatory mechanisms with the 
onset of shock to maintain adequate tissue perfusion for 
as long as possible. There is redistribution of fluid from the 
intracellular and interstitium to the vascular space. There 
is a decrease in glomerular filtration to limit renal fluid 
losses. Renal fluid losses are also limited by the release of 
aldosterone and vasopressin. There is an increase in sym-
pathetic activity and release of epinephrine; this results 
in decrease venous capacitance and some preservation of 
arterial blood pressure. Heart rate is increased as the body 
tries to maintain cardiac output. There is an increase in 
cardiac contractility through circulating catecholamines 
and adrenal stimulation. Increase in sympathetic nerve 
stimulation shunts blood away from nonvital organs. At 
the tissue level, transfer of oxygen from hemoglobin is 
increased by increased red blood cell 2, 3-diphosphoglyc-
erate (DPG), fever, and tissue acidosis.

Therapy and Outcomes
Aggressive therapy to treat pediatric septic shock has 
resulted in improved outcomes; therefore, therapy for 
septic shock appears to be a good model for the treatment 
of shock in general. The overall goal of therapy in shock 
is to treat the underlying cause, return adequate oxygen 
delivery to the tissues, and remove metabolic products 
that developed during anaerobic metabolism. The faster 
the body returns to adequate perfusion, the better the 
overall outcome. Many hospitals have developed sepsis 
pathways based on the data presented in Figure 95-1. 
These pathways act as guidelines for resuscitation and are 
readily available to all care providers.

In 1991, Carcillo and colleagues19 described a popula-
tion of 34 children with septic shock in an emergency 
department. Shock was diagnosed based on hypotension 
for age, with decreased perfusion, poor peripheral pulses, 
cool extremities, and tachycardia. Sepsis was defined as a 
positive blood or tissue culture result. Remarkably, all the 
patients had a pulmonary artery catheter placed within 
6 hours of presentation. The overall mortality for the 
group was 47%; however, there was only one death (11% 
mortality) among the nine patients who received more 
than 40 mL/kg of fluids in the first hour. The authors 
point out this patient died with a second episode of sep-
sis 2 weeks later. In this study, the rapid intravenous fluid 
administration did not increase the incidence of cardio-
genic pulmonary edema or acute respiratory distress  
syndrome (ARDS).

In 2001, Rivers and colleagues20 published a study 
in adult patients with septic shock showing that early, 
aggressive, goal-directed therapy in the first 6 hours of 
care improved mortality. Two hundred sixty-three adults 
enrolled, and 133 received standard therapy based on cli-
nician discretion. The 130 patients randomized to early 
goal-directed therapy followed protocols treating hypovo-
lemia and supporting arterial blood pressure with vasoac-
tive medications, if necessary. The baseline characteristics 
of the two groups were similar. The in-hospital mortality 
was 46.5% in the standard therapy group and 30.5% in 
the early goal-directed therapy group (p < 0.01). Although 
the study occurred in adults, the results demonstrated the 
need for early aggressive intervention.

Following the Rivers’ publication, a task force was 
formed from members of the Society of Critical Care 
Medicine to address shock in children; their work was 
published in 2002.21 Their guidelines were incorporated 
into the American Heart Association’s (AHA) Pediat-
ric Advanced Life Support (PALS) Provider Manual and 
widely disseminated with Spanish and Portuguese trans-
lations. The effectiveness of these interventions and a 
2007 update was published by the same group in 2009.22 
They highlighted significant improvements in mor-
tality in dengue shock syndrome, malaria, and septic 
shock treated by community physicians using early goal-
directed therapy.23-25

The guidelines include rapid recognition of shock, 
early antibiotic administration, and early administration 
of intravenous crystalloid. The initial resuscitation should 
include 20 mL/kg of isotonic saline or colloid pushed as a 
bolus to over 60 mL/kg until there is an improvement in 
the patient’s perfusion or rales or hepatomegaly develops. 
The goal is for the initial fluid resuscitation to occur in 
the first 15 minutes of therapy, and therapy should be ini-
tiated by placing an intraosseous device, even if periph-
eral intravenous cannulation attempts fail (Fig. 95-2). The 
guidelines target therapeutic end points of normal pulses 
with no difference between peripheral and central pulses; 
capillary refill ≤ 2 seconds; warm extremities, normal-
ization of blood pressure for age, mental status, glucose 
concentration, ionized calcium concentration; and urine 
output > 1 mL/kg/hr. If central venous access is not read-
ily obtained, consideration should be given for placement 
of an intraosseous line. Cold shock (cold mottled extrem-
ities with prolonged capillary refill) should be treated 
with dopamine up to 10 μg/kg/min and then epineph-
rine (0.05 to 0.3 μg/kg/min) if there is no improvement. 
Warm shock (brisk capillary refill) should be treated with 
norepinephrine. Arrangements should be made early to 
admit the child to an ICU. If shock is not reversed with 
the inotropic support, hydrocortisone should be consid-
ered for catecholamine-resistant shock. Recommenda-
tions for stabilization in the ICU following the first hour 
of therapy include monitoring central venous pressure, 
central venous saturation, and cardiac output. Persistent 
shock that is resistant to catecholamines should prompt 
the clinician to rule out pericardial tamponade, pneumo-
thorax, or significantly elevated intraabdominal pressure 
that may be compromising circulation. In the absence of 
a correctible condition, extracorporeal membrane oxy-
genation (ECMO) should be considered.

There were several new recommendations in the 
2007 guidelines that addressed changes in the litera-
ture between 2002 and 2007. It was identified that 
the availability of skilled practitioners to place central 
venous access could delay the initiation of inotropic sup-
port. Therefore, the 2007 guidelines recommended the 
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PICU sepsis order set
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ICU pathway for the evaluation/treatment of infants > 28 days and children with severe sepsis/septic shock

Fluid refractory shock
Consider CVL, arterial line, foley

Cold shock - low BP

Give stress-dose hydrocortisone

Continue to monitor clinical goals
following resolution of shock

Wean FiO2 to keep SpO2 92-98%
Continue lung protective strategies
Consider diuretics or dialysis if fluid overload > 10-15%
PRBCs if Hgb < 7 g/dL
Wean hydrocortisone when vasoactive infustions no longer required
Monitor culture results and reassess antibiotic coverage
Consult ID if culture negative sepsis to determine antibiotic duration
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Catecholamine resistant shock
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Diuresis, RRT

Titrate dopamine, norepinephrine
Consider epinephrine, vasopressin
PRBC if Hgb < 10 g/dL
Consider ETT

Titrate dopamine, epinephrine
Consider norepinephrine, dobutamine
PRBC if Hgb < 10 g/dL
Consider BNP, ECHO, ETT

Titrate dopamine, epinephrine
Consider milrinone or dobutamine if

(ScvO2 < 70% or lactate elevated)
PRBC if Hgb < 10 g/dL
Consider BNP, ECHO, ETT

Figure 95-1. Sepsis resuscitation pathway.



administration of dopamine or epinephrine via a periph-
eral intravenous line if there was a delay in obtaining 
central venous access. Ongoing monitoring of the access 
site should be performed. Norepinephrine should not be 
given in a peripheral intravenous injection because of 
the risk of extravasation. In the 2002-2007 interval, there 
were several pediatric and adult studies indicating adre-
nal suppression and increased severity of illness adjusted 
mortality with the use of etomidate.26,27 The 2007 guide-
lines do not recommend the use of etomidate unless it is 
in the format of a randomized controlled trial. Ketamine 
with atropine was recommended for sedation for invasive 
procedures in infants and children. However, because of 
limited experience, ketamine cannot be recommended 
for the newborn population.

The 2007 guidelines22 recommend titrating therapy to 
cardiac output and indicate that there are several methods 
by which cardiac output can be measured. The use of pul-
monary arterial catheters in pediatrics has decreased, but 
other methods are available. A good review of monitoring 
techniques was published by Mtaweh and associates in 
2013.28 Cardiac output can be monitored by newer tech-
niques analyzing the arterial pulse wave, transpulmonary 
thermodilution, carbon dioxide rebreathing, echocar-
diography, bio-impedance of the thorax, and ultrasound 
continuous-wave Doppler. These techniques are less inva-
sive than pulmonary artery catheters; however, many still 
require validation studies in pediatric centers, and they 
might not be available at all centers.

One additional area to be addressed in the 2007 guide-
lines is in the area of fluid removal.22 In a 2005 study 
by Goldstein and associates29 with pediatric patients in 
multi-organ failure, including acute renal failure requir-
ing continuous renal replacement therapy (CRRT), there 
was improved survival in the group that had a lower 
percentage of fluid overload at the initiation of CRRT.29 
While supporting the primary premise of fluid resuscita-
tion, the 2007 guidelines offered new recommendation 
for fluid removal in patients with fluid overload and mul-
tiorgan failure.21 They recommended the use of diuret-
ics, peritoneal dialysis, or CRRT in patients who had 
received adequate fluids for resuscitation but were not 
able to maintain an even fluid balance through native 
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Figure 95-2. Intraosseous cannulation technique.
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urine output. Yet, peritoneal dialysis and CRRT for pedi-
atric patients might not be available at all centers. How-
ever, the association between excessive intravascular fluid 
administration and mortality with acute renal failure is 
an ongoing issue in PICU care.

The concern for possible adrenal insufficiency during 
septic shock needs to be addressed by the clinician car-
ing for the patient. There are certain instances in which 
limited function of the adrenal axis is anticipated. These 
instances include patients who have recently received a 
glucocorticosteroid, ketoconazole, or etomidate. Further-
more, patients with disease states such as purpura ful-
minans or those affecting the hypothalamus, pituitary 
or adrenal glands will be at increased risk. Patients with 
adrenal insufficiency need supplemental corticosteroids. 
However, for children with septic shock but without these 
factors, it is not clear whether the risk of relative adrenal 
insufficiency or treatment with systemic steroids alter 
outcome. Dr. Zimmerman30 reviewed the adult and lim-
ited pediatric literature in 2007 for therapeutic steroid use 
in sepsis. He highlighted adult studies showing high-dose 
short courses of steroids are associated with decreased sur-
vival. Furthermore, data from the CORTICUS trial31 indi-
cated that low-dose steroids as a physiologic replacement 
during periods of vasopressor resistant shock resolve 
shock more quickly but there was no change in mortality. 
In turn, the 2007 guidelines were unchanged from 2002. 
Hydrocortisone treatment was only recommended for 
patients with absolute adrenal insufficiency or adrenal-
pituitary axis failure and catecholamine-resistant shock. 
Absolute adrenal insufficiency was defined as peak cor-
tisol concentration of less than 18 μg/dL obtained after 
corticotropin stimulation.

CARDIOVASCULAR PHARMACOLOGY

Pharmacologic support of the circulation includes posi-
tive inotropic and chronotropic agents, vasoconstrictors 
and vasodilators (afterload reduction), and antiarrhyth-
mics (see Chapters 16 and 93). Most currently used drugs 
have not been tested adequately in children; therefore, 
dosage recommendations and anticipated effects must be 
extrapolated from adult doses and clinical experience.

Positive inotropic drugs are used to augment the car-
diac output of patients with circulatory failure. Most 
inotropic agents also affect the heart rate and vasomotor 
tone. Tachycardia in a child is usually well tolerated and is 
frequently beneficial.32 In a neonate whose ventricles are 
relatively noncompliant and whose stroke volume is less 
variable, tachycardia is an important means of augment-
ing cardiac output. Because drugs that increase the heart 
rate or contractility also increase myocardial oxygen con-
sumption, adequate arterial oxygenation and sufficient 
metabolic substrates are required when these drugs are 
administered. The cardiovascular response to sympatho-
mimetic amines is attenuated in the presence of severe 
acidosis and possibly sepsis; higher infusion rates of these 
drugs are required and need readjustment as the acidosis 
improves. In the following paragraphs, commonly used 
inotropic drugs are listed with brief comments regarding 
their use in pediatric intensive care (Table 95-1).
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TABLE 95-1 VASOACTIVE AND INOTROPIC MEDICATIONS

Drug Effect Dose (μg/kg/min) Inotropy Chronotropy Vasodilation Vasoconstriction

Epinephrine 
(Adrenalin)

α, β 0.05-2.0 ++ ++ ++

Isoproterenol 
(Isuprel)

β1, β2 0.05-2.0 ++ ++ +

Dopamine 
(Inotropin)

δ 1-3 +Renal 
splanchnic

β > α 5-15 + + + or –
β, α >15 + + +

Milrinone Bolus: 50 μg/kg over 
15-min period

+ +

Infusion: 0.375-0.75

Norepinephrine α >> β 0.05-1.0 Slight+ + ++

Nitroprusside 0.5-10 ++
Arterial > venous

Nitroglycerin 1-20 ++
EPINEPHRINE

Epinephrine is useful for the treatment of shock in the 
presence of myocardial dysfunction. The typical starting 
dose in children is 0.05 to 0.2 μg/kg/min. Doses as large 
as 1 to 2 μg/kg/min have been given if there is profound 
vasodilation in the periphery and abdominal organs with 
the overall goal of shunting blood to the heart and brain.

Dopamine
Dopamine is the most commonly infused inotropic drug 
in pediatric patients. Dopamine is the metabolic precursor 
of both norepinephrine (NE) and epinephrine. Its effects 
are dose-dependent, with dopaminergic activity with small 
doses (although not well documented) in critically ill chil-
dren; β-adrenergic activity with intermediate doses (5 to 
10 μg/kg/min) exhibits chronotropic and inotropic effects; 
and some α-adrenergic activity at larger doses (10 to 20 μg/
kg/min) exhibit peripheral vasoconstriction. Young chil-
dren require larger doses of dopamine than adults do to 
produce the same effect. In one study of infants, an infu-
sion of 15 μg/kg/min was required to increase cardiac out-
put above control levels after cardiac surgery.33 This may 
reflect the decreased releasable myocardial stores of nor-
epinephrine in immature ventricles. Therefore, in the sick, 
preterm infant, there can be decreased dopamine clearance 
with a much greater vasopressor response than expected.

Vasopressin
Vasopressin is a pituitary peptide hormone with method 
of action on the kidney and vasculature. In the kidney, 
vasopressin controls water reabsorption in the renal 
tubules and in the vasculature causes vasoconstriction by 
stimulating smooth muscle V1 receptors. Its clinical appli-
cations include GI hemorrhage, central diabetes insipidus, 
and as a second- or third-line agent to treat hypotension.

Isoproterenol
Isoproterenol is a synthetic, potent, nonselective β-agonist 
with strong chronotropic effects with very low affinity to 
α-adrenergic receptors, and is usually well tolerated in 
children. However, high doses of isoproterenol can cause 
myocardial ischemia.34 Isoproterenol also induces vasodi-
lation that is responsive to acute volume administration. 
It is often used for increasing heart rate in complete heart 
block, in the immediate postoperative period after cardiac 
transplantation to improve cardiac output by increasing 
heart rate in the denervated donor heart, and as a potent 
pulmonary vasodilator during pulmonary hypertensive 
crisis via β2-adrenergic receptor activity.

Dobutamine
Dobutamine provides positive inotropy and afterload 
reduction. It is active at β and α receptors. Its function 
is primarily as a inotropic agent but with less vasopres-
sor activity compared with dopamine. It is only used as 
a continuous infusion of 5 to 20 μg/kg/min, and in some 
studies may increase myocardial oxygen. It causes tachy-
cardia in children but not in adults.35,36

Norepinephrine
Norepinephrine, a drug with strong α- and β-agonist 
effects, has had a resurgence of use in infants and chil-
dren.37 Children with nearly normal cardiac function 
and marked peripheral vasodilation have good responses 
to this drug. It is especially useful in instances of warm 
septic shock, anaphylaxis, liver failure, and sympathetic 
blockade with regional anesthesia (see Chapter 92). It 
will increase SVR, but also limits mesenteric blood flow, 
including hepatic perfusion.

Milrinone
Milrinone is a selective phosphodiesterase III inhibitor 
that increases cyclic adenosine monophosphate by inhib-
iting breakdown. Milrinone has both inotropic and vaso-
dilator effects, without acting on α and β receptors. The 
outcome of children is increased in those who have low 
cardiac output syndrome after cardiac surgery.38 The ini-
tial dose of milrinone is 25 to 75 μg/kg administered over 
a period of 15 minutes; the maintenance infusion rate is 
0.25 to 0.75 μg/kg/min. Initial doses are often avoided in 
the ICU setting because of resultant hypotension. Renal 
failure significantly increases the elimination half-life of 



this drug.39-41 Outside the cardiac ICU, milrinone is used 
for vasoconstricted septic shock and may have a role in 
the treatment of pulmonary hypertension.

Levosimendan
Levosimendan increases the sensitivity of the contractile 
apparatus to calcium increasing inotropy by binding to 
cardiac myocyte troponin C. This drug increases cardiac 
ejection fraction, while reducing catecholamine dose 
with minimal effects on arterial blood pressure and heart 
rate. In children, the most common indications have 
been for cardiac failure or after cardiac surgery, with an 
initial doses of 6 to 12 μg/kg followed by an infusion of 
0.1 to 0.2 μg/kg/min.41,42

Nesiritide
Nesiritide is a recombinant form of the human B-type 
natriuretic peptide, the hormone released from the car-
diac ventricles in response to excessive intravascular vol-
umes and increasing mechanical wall stress. The action 
is on guanylyl cyclase with resulting venous and arte-
rial vasodilation. In addition, B-type natriuretic peptide 
leads to myocardial relaxation (lusitropy) and natriure-
sis. In children, it decreases central venous pressure and 
increases urinary output.43 The usual doses for children 
and adults are an initial 2 μg/kg bolus followed by a con-
tinuous infusion of 0.005 to 0.01 μg/kg/min.

Digitalis
Digitalis is useful for the long-term treatment of myocar-
dial failure in children, but it may not be effective in neo-
nates.44 Because of its long half-life and unpredictability, 
digitalis should be administered cautiously to children 
who have changing levels of serum potassium, calcium, 
and pH values. In these cases, it is more appropriate to use 
rapid-acting, titratable, inotropic drugs.

Calcium
When serum ionized calcium levels are below normal, 
administration of calcium produces a positive inotropic 
effect. If the patient’s ionized calcium levels are normal, 
less marked inotropic effects occur. Low ionized calcium 
levels most commonly occur in patients with DiGeorge’s 
syndrome, when large volumes of citrate-containing blood 
products are rapid administered, and in neonates with 
relatively unstable calcium metabolism. Calcium also has 
effects on the cardiac conduction system. Rapid adminis-
tration of calcium can cause severe bradycardia or asystole. 
This effect may be exaggerated in hypokalemic children or 
in those receiving digitalis. The vasomotor effects of cal-
cium are controversial, but most reports show an increase 
in both SVR and PVR when the drug is administered.45

Bicarbonate Therapy
Severe acidosis decreases myocardial function and tissue 
perfusion. Correction of acidosis with 1 to 2 mEq/kg of 
sodium bicarbonate is indicated for a pH below 7.20 if 
ventilation is adequate (Pco2 < 40 mm Hg if possible; see 
also Chapter 60). Treatment is necessary because the cir-
culatory system is refractory to sympathomimetic amines 
when the pH is less than 7.00. After initial correction of 
pH, persistence or reappearance of metabolic acidosis 
suggests a continuing under-perfused state and the need 
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for further therapy. Administration of sodium bicarbon-
ate is only a stopgap measure to improve the response 
to drugs. Repeated infusions of sodium bicarbonate can 
cause hypernatremia and hyperosmolarity. Every 50 mEq 
of bicarbonate administered produces 1250 mL of CO2 
when the bicarbonate is fully reacted with acid. Conse-
quently, adequate ventilation must be ensured to avoid 
worsening the acidosis. Tromethamine, also known as 
Tris buffer or by the trade name THAM, is an alternative 
to sodium bicarbonate, but larger volumes of THAM are 
required to produce the same amount of acid-base correc-
tion, which may be a problem in patients who have CHF. 
THAM does not increase Paco2.

Vasodilators
Vasodilators are used to control systemic hypertension, 
increase cardiac output by decreasing afterload, control 
pulmonary hypertension, and control cardiac shunting. 
Vasodilators are an effective treatment of systemic hyper-
tension and increase cardiac output in children with 
CHF. Treatment of pulmonary hypertension and intra-
cardiac shunting with vasodilators has met with limited 
success because they decrease both PVR and SVR, which 
may increase extrapulmonary right-to-right shunting and 
further reduce pulmonary blood flow.

Nicardipine
Nicardipine is a dihydropyridine calcium channel-block-
ing drug used as an intravenous infusion; it has powerful, 
antihypertensive effects in children. The rapid onset of 
action is usually within 1 minute, adding to the profile 
appropriate for treating severe hypertension. Flynn and 
associates46 report that nicardipine is an effective antihy-
pertensive medication in children ranging in age from 2 
to 18 years. At the authors’ institution, nicardipine is the 
drug of choice for hypertensive crisis. Infusion ranges are 
0.5 to 1.0 μg/kg/min up to 3.0 μg/kg/min.

Sodium Nitroprusside
Sodium nitroprusside relaxes arteriolar and venous 
smooth muscle, which decreases afterload and preload. 
The half-life of sodium nitroprusside is only minutes, 
making it safe to titrate the drug to a desired effect. 
Nitroprusside is commonly used to control severe sys-
temic hypertension, to provide controlled hypotension 
to reduce blood loss, and to increase cardiac output in 
children with low cardiac output syndromes (myocar-
ditis, post–cardiac surgery status).47 Sodium nitroprus-
side can generally be used for days without problems, 
although cyanide and thiocyanate poisoning develops 
in some children, especially those with renal failure or 
reduced renal perfusion. Serum thiocyanate levels of 10 
mg/dL are associated with weakness, hypoxia, nausea, 
muscle spasms, and disorientation. When these symp-
toms occur, nitroprusside administration should be dis-
continued immediately.

Hydralazine
Hydralazine administration can control systemic hyper-
tension because it relaxes arterial smooth muscle more 
than it relaxes veins. Administration of the drug can cause 
headache, nausea, dizziness, sweating, and tremors. The 
most important acute side effect is tachycardia, which 
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may increase cardiac output. Labetalol, a β-antagonist, 
can counteract this effect.48

Tolazoline and Phentolamine
These competitive α-adrenergic blockers have had varied 
success in the treatment of pulmonary hypertension.49 
However, they are effective in treating the symptoms of 
pheochromocytoma preoperatively. Serious side effects of 
these drugs include tachycardia, ventricular arrhythmias, 
hypotension, and tissue edema.

Prostaglandin E1

Prostaglandin E1 acts directly on vascular smooth muscle 
and has greatly improved the care of neonates with heart 
disease. At infusion rates of 0.05 to 0.1 μg/kg/min, patency 
of the ductus arteriosus is maintained, and a closed ductus 
reopens in some neonates. The drug is indispensable in 
the care of patients with ductus-dependent cardiac lesions, 
such as interrupted aortic arch, critical aortic stenosis, or 
hypoplastic left heart syndrome, where systemic blood 
flow is supplied through the ductus arteriosus. It is equally 
important for the care of patients who have pulmonary 
atresia or critical pulmonic stenosis.18 Apnea, fever, and 
hypotension are common side effects of this drug.

Nitric Oxide
Nitric oxide is an endothelium-derived relaxing factor that 
selectively vasodilates the pulmonary vasculature.50 When 
administered by inhalation to patients with pulmonary 
hypertension, NO reduces PVR. It improves the survival of 
neonates who have reactive pulmonary hypertension.51-53 
This compound is inactivated by hemoglobin before it 
reaches the systemic circulation. On rare occasion, NO 
causes systemic vasodilation or clinically significant met-
hemoglobinemia when administered at 5 to 80 ppm.52

Disorders of Cardiac Rhythm
Sinus tachycardia or an elevated heart rate for age is not 
considered an arrhythmia; however, patients with a sig-
nificantly increased heart rate may be the most critically 
ill in the ICU. Causes of tachycardia include hypovolemia, 
fever, pain, anxiety, CHF, myocardial disease and dysfunc-
tion, and thyrotoxicosis. With all these possible causes, 
the goal is to treat the underlying disease state and not 
the tachycardia. For children without underlying heart 
disease, temporary increases in heart rate up to 180 to 200 
beats/minute are well tolerated; this is also not uncom-
mon. Children cannot increase their stroke volume; 
therefore, they increase their cardiac output by increas-
ing their heart rate. Again, the goal is not to specifically 
control an increased heart rate but to treat the cause of 
the tachycardia. Sinus arrhythmia is a phasic acceleration 
and slowing of the heart rate that occurs with respiration. 
It indicates that the patient has a vagal tone greater than 
sympathetic tone and possibly a good cardiac reserve. A 
slow heart rate or sinus bradycardia is another relatively 
common heart rhythm seen in the ICU. It is an unremark-
able finding in an older teenage patient who is relatively 
fit. Other potential causes can include increased intracra-
nial pressure (ICP), hyperkalemia, hypothermia, profound 
hypoxia and hypothyroidism. These causes should also be 
investigated. A slow heart rate commonly occurs with the 
increased use of dexmedetomidine but can also occur with 
β-adrenergic blockers or digoxin use. Sinus node dysfunc-
tion can occur following repair of congenital heart disease 
in children. Temporary slowing may be treated with the 
transcutaneous pacemaker placed during surgery. In the 
absence of myocardial pacing, if there is complete heart 
block or a very slow ventricular escape rate a pacemaker 
may be needed shortly after cardiac surgery. Otherwise, 
some amount of time is given to see if this will resolve.

Normal cardiac conduction starts in the sinus node. 
The electrical activity propagates through the internodal 
pathways in the atrium, is delayed in the AV node, trav-
els though the bundle of His, and is conducted to the 
ventricles through the left and right bundle branches. 
Supraventricular tachycardia (SVT) is an elevated heart 
rate occurring at the level of the atrium, the AV node, or 
both. SVT typically has a narrow QRS morphology. Sinus 
tachycardia is therefore not a type of SVT but an accelera-
tion of the normal conduction pathways. SVT includes 
reentrant and non-reentrant tachycardias.

The reentrant tachycardias include AV node reentrant 
tachycardia (AVNRT), orthodromic reciprocating tachy-
cardia, and atrial flutter. AVNRT is classically considered 
pediatric SVT. The reentrant tachycardias occur because 
of the presence of an accessory conduction pathway that 
allows for abnormal electrical conduction in the heart. 
The presence of the abnormal pathway may be apparent 
on a standard EKG, such as the case of Wolf-Parkinson-
White syndrome (WPW). Alternatively, the abnormal 
pathway might not appear on an electrocardiogram, and 
it is described as a concealed pathway. Concealed pathways 
are non-WPW orthodromic reciprocating tachycardia. 
In AVNRT, the AV node itself is the area in which the 
reentrance occurs. In atrial flutter, there is a micro reen-
trant circuit within the atrial tissue itself. In children, the 
circuit is typically near the tricuspid valve. In atrial flut-
ter, after the reentrant circuit in the atria, the conduc-
tion proceeds through the AV node where it is slowed. 
The reentrant circuit is small and the rates of atrial flutter 
can be high. As the conduction is slowed in the AV node 
these high rates usually are not conducted to the ven-
tricle. However, if atrial flutter or fibrillation occurs in a 
patient with WPW, the accessory pathway can allow con-
duction of the electrical impulse at a rate much greater 
than through the AV node. Rapid conduction of electrical 
impulses down the accessory pathway can lead to ventric-
ular tachycardia (VT) or ventricular fibrillation (VF) and 
can cause sudden death.

The non-reentrant causes of SVT occur due to abnormal 
automaticity of myocardial tissue. Causes of abnormal auto-
maticity include atrial fibrillation and ectopic atrial tachy-
cardia. In nonreentrant SVT the elevated atrial rate is slowed 
as conduction goes through the AV node. In children, atrial 
fibrillation is caused by disorganized circuits typically near 
the pulmonary veins. This rhythm is described as irregu-
larly irregular. Ectopic atrial tachycardia is rapid atrial beats 
that are consecutive and occur without sinus morphology. 
There can be one focus of the rapid atrial beats. Alterna-
tively, in multifocal or chaotic atrial tachycardia, there can 
be several different atrial origins. Brief periods of ectopic 
atrial tachycardia usually do not cause much sequela, but 
can lead to cardiomyopathy if prolonged.

Treatment of reentrant SVT is based on whether the 
patient’s condition is clinically unstable or stable. The 



abnormal reentrant circuit can be interrupted with syn-
chronized cardioversion or other methods. If the patient’s 
condition is unstable, reentrant SVT is treated with syn-
chronized cardioversion with a dose of 0.5 to 1 joule/kg. If 
the patient’s condition is stable, there is time to try other 
therapies. Therapies that increase vagal tone, such as ice to 
the eyes or a Valsalva maneuver, may interrupt the reen-
trant circuit. Adenosine will temporarily block conduction 
through the AV node. Adenosine can be used to interrupt 
episodes of reentrant SVT that have a reentrant circuit using 
the AV node. If the reentrant circuit does not include the 
AV node a, then adenosine might not stop the tachycardia, 
but it may be helpful with diagnosis. There will be a period 
of sinus pause after administration of adenosine. Adenos-
ine is metabolized by erythrocytes so that it is a short-acting 
medication. Equipment to perform cardioversion should be 
immediately available when adenosine is given. The initial 
dose is 0.1 mg/kg (maximum 6 mg) and the dose should 
be given quickly with a sufficient flush. It is more effec-
tive when given centrally if available. If it is not effective at 
the dose of 0.1 mg/kg, the second dose can be increased to  
0.2 mg/kg (maximum single dose 12 mg). Larger doses are 
not likely to be more effective. If SVT persists, other medica-
tions such as amiodarone, procainamide, or verapamil may 
be necessary. Amiodarone can block an accessory pathway 
as well as the AV node. If given too quickly, amiodarone 
will decrease arterial blood pressure. For both amiodarone 
and procainamide, continuous infusions may be necessary 
after the loading dose. Verapamil will block the AV node 
for a much longer period than adenosine will; however, 
verapamil can induce other life-threatening arrhythmias 
in younger patients (younger than 2 years). If a patient has 
SVT, a cardiology consultation should be obtained. Follow-
up should be arranged if needed and an echocardiogram 
may be beneficial. Depending on the cause, there also may 
be a need for long-term follow-up.

Junctional ectopic tachycardia is caused by abnormal 
automaticity in an area around the atrioventricular junc-
tion. This pediatric arrhythmia is not common, but it can 
occur after repair of congenital heart disease. The most 
common lesion with which this occurs is tetralogy of Fal-
lot (see Chapter 94).

Wide complex tachycardias arise from the ventricle until 
proven otherwise. SVT can cause a wide complex tachycar-
dia if there is aberrancy of the conduction through the path-
ways in the ventricle. However, given the risk of delaying 
therapy all wide complex tachycardias should initially be 
treated as VT. If there is no pulse, initiate CPR, defibrillate 
and follow PALS guidelines. If the patient has a pulse and 
stable arterial blood pressure, there may be time to consider 
other therapies. These therapies are cardioversion or use of 
medications such as adenosine, amiodarone, or procain-
amide. VF is treated with CPR, defibrillation, and then med-
ications following PALS guidelines. Ventricular rhythms 
should be examined quickly for the possibility of Torsades 
de Pointes, as giving magnesium will be especially helpful.

In the course of following the continuous rhythm 
strip of all children in the PICU, common abnormalities 
may be noted. A prolongation of the PR interval or first-
degree heart block can occur in otherwise normal chil-
dren. Typically, these children are asymptomatic. Second 
degree heart block occurs as Mobitz Type I and Mobitz 
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Type II. Mobitz Type I is also known as Wenckebach and 
is a gradual prolongation of the PR interval until a QRS is 
not seen, and then the cycle restarts. The prolongation of 
conduction occurs due to delay of the electrical signal in 
the AV node and it can be a benign phenomenon. Mobitz 
Type II is less likely to be a benign phenomenon. The PR 
interval remains constant, but intermittently there is no 
QRS or ventricular beat. This phenomenon is evidence 
of disease of the His-Purkinje fibers and can progress to 
complete heart block. Mobitz Type II occurs much less 
frequently in children than in adults. Complete heart 
block or third-degree AV block is the complete dissocia-
tion of atrial and ventricular activity. In complete heart 
block, the atria contract at a rate more rapid than the ven-
tricles do (see Chapter 47). Ventricular contraction occurs 
through ventricular escape. Congenital complete heart 
block can occur in infants born to mothers who have 
an autoimmune disorder, such as lupus erythematosus. 
When damage occurs to the conduction pathway during 
surgery for congenital heart disease, complete heart block 
can occur. As immediate treatment of complete heart 
block, the ventricular rate may be increased with intra-
venous isoproterenol. When this treatment is ineffective, 
transthoracic or transvenous pacing will be necessary 
until definitive therapy can be arranged.

Premature beats are also seen frequently in a PICU set-
ting. Premature atrial contractions are usually benign and 
are caused by automaticity of atrial tissue other than the 
sinus node. Premature ventricular contractions (PVC) are 
usually benign with a few considerations. The presence 
of a central venous catheter touching the heart can cause 
increased PVCs, and the catheter should be pulled back if 
present. Electrolyte abnormalities; typically of potassium, 
magnesium, and calcium, can cause PVCs. The frequency of 
PVCs may improve as the electrolytes are corrected. Exoge-
nous catecholamines may cause PVCs and the frequency of 
PVCs may improve if the catecholamines can be decreased. 
Endogenous catecholamines can cause PVCs and the fre-
quency may be decreased if pain or anxiety is treated.

HYPERTENSION

Essential hypertension is uncommon in children. When 
it occurs, it is often associated with another disease pro-
cess and is frequently difficult to control. The acute onset 
of severe systemic arterial hypertension is a medical emer-
gency that has the potential of causing cardiovascular 
decompensation, encephalopathy, seizures, and intra-
cranial hemorrhage. In older children, the neurologic 
manifestations of hypertension are more likely to precede 
cardiovascular decompensation. Neonates with severe 
hypertension are frequently initially found to have CHF. 
Treatment of hypertension is tailored to the disease pro-
cess, the absolute degree of hypertension, and the pres-
ence of cardiovascular or neurologic symptoms.54,55

NEONATAL RESUSCITATION

Profound changes occur in the cardiovascular and respi-
ratory systems at birth. Failure to make these changes 
successfully can result in death or central nervous system 
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(CNS) injury (see Chapter 108). Consequently, someone 
capable of performing neonatal resuscitation must be 
present at every delivery. Wasting time finding some-
one to resuscitate the neonate can be disastrous for the 
infant. This section discusses the causes and effects of car-
diorespiratory insufficiency at birth and the techniques 
of resuscitation. When possible, the recommendations of 
the American Academy of Pediatrics have been followed. 
Guidelines for neonatal resuscitation have been issued by 
many organizations, including the AHA and the Ameri-
can Academy of Pediatrics.56

INITIAL ASSESSMENT OF THE FETUS  
AT BIRTH

Initial stabilization should begin with a rapid evaluation 
of the newborn to determine if the infant is term, breath-
ing or crying, and has a normal tone56 (see also Chapter 77;  
Table 95-2).

ONGOING ASSESSMENT

Ongoing assessment consists of three signs: heart rate 
(HR), respirations, and oxygenation. The preferred 
method for determination of HR is by auscultation. All 
these vital signs should be determined within the first 30 
seconds.

CLEARING THE AIRWAY

Proper positioning by placing the infant in the sniffing 
position is recommended, and the practitioner must try 
to avoid either underextension or hyperextension both of 
which will obstruct the airway. Deep suctioning should 
be avoided even in healthy, vigorous newborns, because 
of the risk of vagal-mediated bradycardia.57 This does not 
apply to newborns who might have airway obstruction 
or depressed infants with meconium (discussed later in 
this section.)

TABLE 95-2 EVALUATION OF THE NEWBORN

Clinical Condition Intervention
Initial resuscitation Clear infant airway

Warm, dry, stimulate, position
Evaluate HR, respirations, color

HR > 100 beats/min, 
breathing, no cyanosis

Observation

HR > 100 beats/min, but 
persistent respiratory distress 
or cyanosis

Clear airway
SpO2 monitoring
Consider CPAP

Apnea, gasping, or HR < 100 
beats/min

Bag-mask PPV
Spo2 monitoring

After initiation of resuscitation 
(PPV), HR > 100 beats/min, 
effective ventilation

Post-resuscitation care

HR < 60 beats/min Consider intubation
Chest compressions
Coordinate PPV

HR = 60-100 beats/min Continue with PPV
SpO2 monitoring

CPAP, Continuous positive airway pressure; HR, heart rate; PPV, positive 
pressure ventilation; SpO2, saturation of peripheral oxygen.
TEMPERATURE CONTROL

During the initial resuscitation period, the goal body 
temperature for the newborn is normothermia. The ini-
tial step is to dry the infant and warm the infant to a 
goal axillary temperature of 36.5°C. Infants wrapped in 
polyethylene from the neck down will avoid evaporative 
heat loss. Controlled hypothermia should be attempted 
only in select tertiary centers within hours after birth of 
infants with hypoxic-ischemic encephalopathy.

OXYGEN

One of the recent changes in neonatal resuscitation in the 
2011 Neonatal Resuscitation Program Guidelines is the 
recommendation of positive pressure ventilation (PPV) 
with room air, unless chest compressions or medications 
are needed during the resuscitation, then the recommen-
dations are still for PPV with 100% oxygen. It is impor-
tant to place a preductal (right hand) oximeter probe on 
the newborn if PPV is initiated. For the preterm infant, 
oxygen should be blended to goal saturation targets. In 
summary: (1) Use room air if the baby is cyanotic or needs 
PPV; (2) titrate oxygen if the baby is younger than 32 weeks  
(Table 95-3); (3) use 100% oxygen if chest compressions 
or medications are given, then titrate to targeted SpO2; 
and (4) apply oximeter to right hand (preductal).

VENTILATION

Breathing usually begins by 30 seconds after birth and is 
sustained by 90 seconds of age. A few minutes after birth, 
the respiratory rate of normal neonates is between 40 
and 60 breaths/minute. The absence of a pause between 
inspiration and expiration helps develop and maintain 
functional residual capacity (FRC). Apnea and bradyp-
nea prolong exhalation, reduce FRC, and cause hypoxia. 
Causes of apnea and bradypnea include severe acidosis, 
asphyxia, maternal drugs, infections, and CNS damage. 
Tachypnea (>60 breaths/minute) occurs with hypoxemia, 
hypovolemia, metabolic and respiratory acidosis, CNS 
hemorrhage, pulmonary gas leaks, pulmonary disease 
(e.g., hyaline membrane disease, aspiration syndromes, 
infections), pulmonary edema, and maternal drugs (e.g., 
narcotics, alcohol, magnesium, barbiturates).

If needed, initial PPV breaths should be at 20 cm H2O. 
Ventilation should be performed at 40 to 60 breaths/min-
ute with reassessment of HR, color, and breath sounds. In 
the neonate, an increasing HR may be the best assessment 

TABLE 95-3 PRETERM INFANT (<32 WEEKS): 
TITRATE OXYGEN USING OXYGEN BLENDER TO 
ACHIEVE TARGET SpO2

Time after Birth (min) Target SpO2 (%)

1 60-65
2 65-70
3 70-75
4 75-80
5 80-85

10 85-95



of adequate ventilation. If gastric distention becomes a 
problem a gastric tube may be placed (8 Fr) to improve 
compliance. Both sides of the chest should rise equally 
and simultaneously with inspiration, but the amount of 
rise should not exceed that associated with the neonate’s 
normal spontaneous breathing. The presence of breath 
sounds can be misleading because they are well trans-
mitted within the neonate’s small chest. A difference in 
breath sounds between the two sides of the chest should 
raise suspicion of pneumothorax, atelectasis, or a con-
genital anomaly of the lung. The presence of loud breath 
sounds over the stomach suggests a tracheoesophageal fis-
tula. If ventilation is adequate, the neonate will become 
pink, initiate rhythmic breathing, and have a normal 
heart rate.

Because most asphyxiated neonates have no lung dis-
ease, their lungs can be ventilated effectively with peak 
airway pressures less than 25 cm H2O, even for the first 
few breaths following intubation. Those with stiff lungs 
(e.g., erythroblastosis fetalis, congenital anomalies of the 
lung, pulmonary edema, severe meconium aspiration, 
diaphragmatic hernia) may require higher inspiratory 
pressure to ventilate their lungs, and they are more likely 
to have pulmonary gas leaks. To reduce this likelihood, 
the lungs should first be ventilated with an inspiratory 
pressure of 15 to 20 cm H2O. If low-pressure (low-volume), 
high-rate ventilation does not improve the oxygenation, 
higher pressures and volumes may be required. Failure to 
ventilate the lungs adequately at birth can worsen hypox-
emia and lead to CNS damage or even death. If PaO2 
exceeds 70 to 80 mm Hg or Sao2 exceeds 94%, the inspired 
oxygen concentration should be reduced (if increased 
concentrations of oxygen are used) until Sao2 and PaO2 
are normal for age. Oxygenation is maintained at the low 
range of normal in neonates 34 weeks’ or less gestation to 
avoid retinopathy of prematurity.58 The neonate’s heart 
rate should be monitored continuously during endotra-
cheal intubation, because the process of tracheal intuba-
tion may cause arrhythmias in hypoxic neonates. If the 
practitioner is having difficulty with bag-valve-mask ven-
tilation or fails intubation, a laryngeal mask airway (LMA) 
should be considered.59,60

PNEUMOTHORAX

Pneumothorax occurs in 1% of all vaginal deliveries, in 
10% of meconium-stained neonates, and in 2% to 3% of 
neonates who require mechanical ventilation in the deliv-
ery room. The hemithorax containing free air is usually 
hyperexpanded and moves poorly with ventilation. The 
point of maximum cardiac impulse is shifted toward the 
side without the pneumothorax. Heart tones may be muf-
fled. If a small, high-intensity cold light is placed directly 
on the skin of the neonate’s chest, the involved side of 
the chest will glow if a pneumothorax is present.61 Pneu-
mothoraces are relieved by needle or chest tube drainage.

ENDOTRACHEAL INTUBATION

The head should be placed in a neutral or “sniffing” posi-
tion during bag-valve-mask ventilation and tracheal intu-

bation. An appropriately sized endotracheal tube (ETT) is 
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inserted and its tip is placed 1 to 2 cm below the vocal 
cords, depending on the size of the neonate. Usually, this 
means that the distance from the tip of the tube to the 
gums is 7, 8, 9, or 10 cm in 1-, 2-, 3-, and 4-kg infants, 
respectively. A small gas leak should be present between 
the ETT and trachea when the ventilation pressure is 15 
to 25 cm H2O. This leak usually entails the use of a 2.5-
mm (internal diameter) tube for neonates weighing less 
than 1.5 kg, a 3.0-mm tube for those between 1.5 and  
2.5 kg, and a 3.5-mm tube for those weighing more 
than 2.5 kg. Successful tracheal intubation is confirmed 
by observing the ETT pass through the vocal cords, by 
observing bilateral chest movement with each mechani-
cal inspiration, and by observing condensation in the 
ETT during exhalation. Breath sounds should be much 
louder over the chest than over the abdomen, and the 
skin color, heart rate, and Sao2 should improve with pos-
itive-pressure ventilation. Carbon dioxide should be pres-
ent during exhalation. However, the small tidal volumes 
and low pulmonary blood flow of some infants at birth 
can make it difficult to use capnography effectively.

CARDIAC COMPRESSIONS

Place both thumbs on the sternum and allow the fin-
gers to support the back (Fig. 95-3) Compress the ster-
num to approximately one-third the depth of the chest. 
Three compressions should be performed with a breath in 
place of the fourth compression for an effective compres-
sion rate of 90 compressions and 30 breaths/minute. HR 
should be evaluated every 45 to 60 seconds, and if after 
adequate ventilation and compressions for 60 seconds 
the HR is still less than 60 beats per minute, then medica-
tions should be considered.

MEDICATIONS

Medications are needed only for the infant who is criti-
cally depressed or has significant anomalies leading to 
cardiovascular depression. There should be a quick-refer-
ence drug list with dosing based on an estimated weight 
of the infant at birth designed for each delivery room for 
easy access for these rare occasions. Intravenous route of 
administration is preferred for administration of resusci-
tation medications; however, intraosseous and umbilical 
venous catheters can be placed rapidly by trained indi-
viduals and can be lifesaving.

Epinephrine
The primary medication used in the resuscitation of a 
newborn is epinephrine, and it should be given if the 
infant’s HR is less than 60 beats/minute, 45 to 60 sec-
onds after the initiation of PPV and chest compressions. 
The recommended dose is 0.1 to 0.3 mL/kg of 1:10,000 
concentration; (0.01 to 0.03 mg/kg), followed by a 1 mL 
flush of saline. Intravenous administration is preferable, 
but if venous access is not obtained, then it is appropriate 
to give epinephrine via the ETT. If the ETT is used, the 
practitioner should give a higher dose of epinephrine: 0.5 
to 1 mL/kg of 1:10,000 concentration (0.05 to 0.1 mg/kg). 
Epinephrine can be repeated every 5 minutes, as needed, 
while reevaluating HR every 45 to 60 seconds.
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aloxone
aloxone (Narcan) is not recommended as an initial 
sponse to respiratory distress in neonatal resuscita-
on.56,62 Neonates should be supported on PPV, includ-
g neonates whose mothers received narcotics less than 
hours before delivery. However, if respiratory depres-

on continues, naloxone can be considered. In addition, 
aloxone should be avoided in an infant whose mother 
as a history of narcotic dependence because of the risk 
f seizures from withdrawal.

ETECTION OF HYPOVOLEMIA

ypovolemia is detected by measuring arterial blood pres-
re and by physical examination (i.e., skin color, perfu-

on, capillary refill time, pulse volume, and extremity 
mperature). Central venous pressure (CVP) measure-
ents are useful in detecting hypovolemia and in deter-
ining the adequacy of fluid replacement. The venous 

ressure of normal neonates is 2 to 8 cm H2O. If CVP is 
ss than 2 cm H2O, hypovolemia should be suspected.

REATMENT OF HYPOVOLEMIA

reatment of hypovolemia requires expansion of intravas-
lar volume with blood and crystalloids. Albumin may 
so be used, but evidence of its effectiveness is limited. If it 
 suspected that the neonate will be hypovolemic at birth, 
h-negative type O packed red blood cells (PRBCs) should 
 available in the delivery room before the neonate is 
rn.63 Crystalloid and blood should be titrated in 10 mL/kg 
d given slowly over 10 minutes, if hemodynamics allow, 
 limit the risk of intraventricular hemorrhage. Occasion-
ly, enormous volumes of blood and fluid are required 
 raise arterial blood pressure to normal. At times, more 
an 50% of the blood volume (85 mL/kg in term neonates 
d 100 mL/kg in preterm neonates) must be replaced, 
pecially when the placenta is transected or abrupted 

gure 95-3. Neonatal chest compression. For simplification, venti-
tion is not shown. (From Gregory GA: Resuscitation of the newborn, 
esthesiology 43:225, 1975.)
during birth. In most cases, less than 10 to 20 mL/kg  
of volume restores mean arterial pressure to normal.

OTHER CAUSES OF HYPOTENSION

Hypoglycemia, hypocalcemia, and hypermagnese-
mia also cause hypotension in neonates. Hypotension 
induced by alcohol or magnesium intoxication usually 
responds to blood volume expansion or dopamine, or to 
both. Hypermagnesemic neonates generally respond to 
100 to 200 mg/kg of calcium gluconate administered over 
a 5-minute period.56

MECONIUM

Meconium-stained amniotic fluid (MSAF) when aspirated 
into the lungs during delivery or in utero can cause seri-
ous lung injury and respiratory distress syndrome. Most 
cases of meconium aspiration occur in utero; therefore, 
endotracheal intubation to suction the airway to remove 
MSAF should occur only if the neonate is distressed (e.g., 
absent or depressed respirations, HR < 100 beats/minute,  
poor muscle tone).56,64,65 A depressed MSAF-stained 
infant should be intubated as soon as possible after deliv-
ery. Suctioning is accomplished through an ETT. If there 
is a significant amount of MSAF or remains in extremis, 
the infant should be transferred directly to the neonatal 
intensive care unit.

COLOR

Essentially all neonates have a blue-tinged cast to their 
skin at birth. By 60 seconds of age, most of them are 
entirely pink, except for their hands and feet, which 
remain blue. If central cyanosis persists beyond 90 seconds  
of age, asphyxia, low cardiac output, pulmonary edema, 
methemoglobinemia, polycythemia, congenital heart 
disease, arrhythmias, and pulmonary disorders (e.g., 
respiratory distress, airway obstruction, hypoplastic 
lungs, diaphragmatic hernia) should be considered, espe-
cially if the infant remains cyanotic despite oxygen and 
controlled ventilation. Neonates who are pale at birth are 
often asphyxiated, hypovolemic, acidotic, or anemic, or 
they have congenital heart disease. A neonate whose skin 
is entirely pink within 2 minutes of birth may be intoxi-
cated with alcohol or magnesium or may be alkalotic  
(pH > 7.50). Rubrous neonates are usually polycythemic.

RESUSCITATION EQUIPMENT

Resuscitation beds should allow positioning of the neo-
nate’s head below the level of the lungs to promote 
drainage of lung fluid and reduce the likelihood of aspi-
rating gastric contents. A servo-controlled infrared heater 
should be used to maintain the neonate’s tempera-
ture between 36°C and 37°C unless there is evidence of 
asphyxia. If asphyxia is noted, body temperature should 
be reduced to 34°C to 35°C for brain protection. A suction 
device should be available and should allow the suction 
pressure to be varied; pressures less than −100 mm Hg 
should not be used. Equipment required for tracheal intu-
bation includes 0 and 00 straight laryngoscope blades; a 



pencil-type laryngoscope handle; 2.5-, 3.0-, and 3.5-mm 
ETTs; and a suction catheter that fits easily through each 
size tube. The ventilation system must permit ventilatory 
rates of at least 150 breaths/minute and make it possible 
to maintain positive end-expiratory pressure (PEEP). One-
way valves can stick in the closed position, especially 
when high gas flow and high respiratory rates are used. 
The modified Jackson-Rees or Ayres system works well 
when appropriately trained people use it. Overexpansion 
of the lungs with large tidal volumes injures the lungs 
and activates inflammatory processes that may cause 
chronic lung disease. Gentle inflation of the lung is less 
injurious to the lung. Airway inflation pressures should 
be measured continuously during assisted or controlled 
ventilation in the delivery room, and excessive pressures 
and tidal volumes should be avoided. As in any critical 
care situation, patient care should be guided by informa-
tion. Consequently, blood gas and pH measurements are 
mandatory, and the results of these tests must be available 
within 10 minutes of drawing the blood sample. Umbili-
cal arterial catheters are useful for measuring arterial 
blood pressure and withdrawing blood for blood gas anal-
ysis and pHa. They can also be used to infuse emergency 
fluids. Arterial oxygen saturation (Sao2) can be measured 
immediately after birth by attaching a pulse oximeter to a 
hand or foot.66 Pulse oximeters permit rapid detection of 
changes in oxygenation and rapid reduction of FiO2. The 
normal Sao2 of neonates is usually 87% to 95%, which is 
associated with a PaO2 of 55 to 70 mm Hg.

PEDIATRIC CARDIAC ARREST  
AND RESUSCITATION

Pediatric cardiac arrest is not a rare event. At least 16,000 
American children (8 to 20 per 100,000 children per year) 
suffer a cardiopulmonary arrest each year.67-71 More than 
half of these cardiac arrests probably occur in hospital.67,72 
With advances in resuscitation science and implementa-
tion techniques, survival from pediatric cardiac arrest has 
improved substantially over the past 25 years.73

Outcomes from pediatric cardiac arrest have improved 
significantly over the past 20 years. For example, survival 
to discharge from pediatric in-hospital cardiac arrest has 
increased from less than 10% in the 1980s74,75 to more than 
25% in the twenty-first century. Of the pediatric patients 
who survive to hospital discharge, nearly 75% will have 
favorable neurologic function defined by specific pediat-
ric cerebral outcome measures and quality of life indica-
tors.73,76-78 Factors that influence outcome from pediatric 
cardiac arrest include: (1) the preexisting condition of the 
child; (2) the environment in which the arrest occurs; (3) 
the initial electrocardiographic rhythm detected; (4) the 
duration of no-flow time (the time during an arrest with-
out spontaneous circulation or CPR); (5) the quality of the 
life-supporting therapies provided during the resuscita-
tion; and (6) the quality of life-supporting therapies during 
post-resuscitation.

Not surprisingly, outcomes after pediatric out-of-hos-
pital arrests are much worse than outcomes after in-hos-
pital arrests,68,69,79-87 possibly because there is a prolonged 
period of no flow in out-of-hospital arrests, where many 
of the pediatric cardiac arrests are not witnessed and 
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only 30% of children are provided with bystander CPR. 
Because of these factors, less than 10% patients with 
pediatric out-of-hospital cardiac arrest survive to hospital 
discharge, and those who survive commonly have severe 
neurologic injury. These findings are especially trouble-
some given that bystander CPR more than doubles the 
patient survival rates in adults.88 An exciting prospective, 
nationwide, population-based cohort study from Japan 
demonstrated that survival rates more than doubled for 
children who had out-of-hospital cardiac arrests and 
received bystander CPR either with conventional CPR 
(with rescue breathing) or chest compression only CPR 
compared to no bystander CPR.89 The same study then 
further stratified outcomes for out-of-hospital cardiac 
arrest into “cardiac” and “noncardiac” causes for arrest 
and defined the relative value of rescue breathing dur-
ing CPR by bystanders. Pediatric patients who have out-
of-hospital cardiac arrests with noncardiac causes and 
receive bystander conventional CPR (including rescue 
breathing) had an association with higher frequency of 
favorable neurologic outcomes at 1 month after arrest 
compared with compression-only bystander CPR or no 
bystander CPR. For pediatric arrests defined as cardiac 
in nature, bystander CPR (conventional or compression-
only) was associated with a higher rate of favorable neu-
rologic outcomes 1 month after arrest compared with no 
bystander CPR. Interestingly, the two types of bystander 
CPR (conventional or compression only) seemed to be 
similarly effective for pediatric cardiac arrests with car-
diac causes, consistent with animal and adult studies.89

Survival outcomes after in-hospital cardiac arrest are 
higher in the pediatric population compared with adults; 
27% of children survive to hospital discharge compared 
with only 17% of adults.73 For children and adults, out-
comes are better after arrhythmogenic arrests (VF/VT). 
Importantly, pediatric in-hospital arrests are less com-
monly caused by arrhythmias (10% of pediatric arrests 
versus 25% of adult arrests), and approximately one third 
of children and adults with these arrhythmogenic arrests 
survive to hospital discharge. Interestingly, the superior 
pediatric survival rate following in-hospital cardiac arrest 
reflects a substantially higher survival rate among chil-
dren with asystole or pulseless electrical activity compared 
with adults (24% versus 11%). Further investigation has 
shown that the superior survival rate seen in children is 
mostly attributable to a much better survival rate among 
infants and preschool-aged children compared with older 
children.77 The higher survival rates in children may be 
due to improved coronary and cerebral blood flow dur-
ing CPR because of increased chest compliance in these 
younger arrest victims, with improved aortic diastolic 
pressure and venous return, but this is speculative.90,91 
In addition, survival of pediatric patients from an in- 
hospital cardiac arrest is more likely in hospitals staffed 
with dedicated pediatric physicians.92

PHASES OF RESUSCITATION

The four distinct phases of cardiac arrest and CPR inter-
ventions are: (1) prearrest, (2) no flow (untreated cardiac 
arrest), (3) low flow (CPR), and (4) postresuscitation and 
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arrest. Interventions to improve outcome of pediatric car-
diac arrest should optimize therapies targeted to the time 
and phase of CPR, as suggested in Table 95-4.

PREARREST

The prearrest phase refers to any relevant preexisting 
conditions of the child (e.g., neurologic, cardiac, respi-
ratory, or metabolic problems) and precipitating events 
(e.g., respiratory failure or shock) uncoupling metabolic 
delivery and metabolic demand. Pediatric patients who 
suffer an in-hospital cardiac arrest often have changes in 
their physiologic status in the hours leading up to their 
arrest event.93,94 Therefore, interventions during the 
prearrest phase focus on preventing the cardiac arrest, 
with special attention to early recognition and targeted 
treatment of respiratory failure and shock. Early recogni-
tion plays a key role in identifying a prearrest state in 
children, who, unlike adults, may be able to maintain 
an age appropriate blood pressure despite a worsening 
clinical picture until the last possible moment. Medical 
emergency teams (METs; also known as rapid response 
teams) are in-hospital emergency teams designed spe-
cifically for this purpose. Front-line providers, and even 
parents, are encouraged to initiate evaluation by METs 

TABLE 95-4 PHASES OF CARDIAC ARREST  
AND RESUSCITATION

Phase Interventions

Pre-arrest phase 
(protect)

Optimize patient monitoring and rapid 
emergency response

Recognize and treat respiratory failure or 
shock to prevent cardiac arrest

Arrest (no-flow) 
phase 
(preserve)

Minimize interval to BLS and ACLS
Organize response with clear leadership
Minimize interval to defibrillation, when 

indicated
Low-flow 

(CPR) phase 
(resuscitate)

Push hard, push fast
Allow full chest recoil
Minimized interruptions in compressions
Avoid overventilation
Titrate CPR to optimize myocardial blood 

flow (coronary perfusion pressures and 
exhaled CO2)

Consider adjuncts to improve vital organ 
perfusion during CPR

Consider ECMO if standard CPR/ALS not 
promptly successful

Post-resuscitation 
phase: short-
term

Optimize cardiac output and cerebral blood 
flow

Treat arrhythmias, if indicated
Avoid hyperglycemia, hyperthermia, 

hyperventilation
Debrief to improve future responses to 

emergencies
Post-resuscitation 

phase: 
long-term 
rehabilitation 
(regenerate)

Early intervention with occupational and 
physical therapy

Bioengineering and technology interface
Possible future role for stem cell 

transplantation

ACLS, advanced cardiac life support; ALS, advanced life support; BLS, basic 
life support; CPR, cardiopulmonary resuscitation; ECMO, extracorporeal 
membrane oxygenation.
based on physiologic protocol–driven parameters or even 
intuition. Patients are assessed by the METs, and those 
at high risk of clinical decompensation are transferred 
to a PICU if necessary, with the goal to prevent progres-
sion to full cardiac arrest or to decrease the response time 
to initiation of advanced life support; thereby, limiting 
the no-flow state. Implementation of METs decreases the 
frequency of cardiac arrests compared with retrospective 
control periods before MET initiation.95-97 While early 
recognition protocols cannot identify all children at 
risk for cardiac arrest, transferring critically ill children 
to an ICU early in their disease process allows for bet-
ter monitoring and more aggressive interventions, which 
can improve resuscitative care and clinical outcomes. 
The caveat is that pre-arrest states must be identified to 
initiate monitoring and interventions that can inhibit 
the progression to an arrest. While a significant amount 
of research dollars and resources are spent on the other 
phases of cardiac arrest, particular focus on the prearrest 
state can yield the greatest improvement in survival and 
neurologic outcomes.

NO-FLOW AND LOW-FLOW

To improve outcomes from pediatric cardiac arrest, the 
no-flow phase of untreated cardiac arrest should be short-
ened. High-risk patients must be monitored to allow 
early recognition of the cardiac arrest and to prompt ini-
tiation of basic and advanced life support. Effective CPR 
optimizes coronary perfusion pressure (by elevating aor-
tic diastolic pressure relative to right atrial pressure) and 
cardiac output to critical organs to support vital organ 
viability (by elevating mean aortic pressure) during the 
low-flow phase. Important tenets of basic life support are 
push hard, push fast, allow full chest recoil between com-
pressions, and minimize interruptions of chest compres-
sion. The myocardium receives blood flow from the aortic 
root, mainly during diastole, via the coronary arteries. 
When the heart arrests and no blood flows through the 
aorta, coronary blood flow ceases. However, during chest 
compressions, aortic pressure rises at the same time as 
right atrial pressure and with the subsequent decompres-
sion phase of chest compressions, the right atrial pres-
sure falls faster and lower than the aortic pressure, which 
generates a pressure gradient that perfuses the heart with 
oxygenated blood. Therefore, full elastic recoil (release) is 
critical to create a pressure difference between the aortic 
root and the right atrium. A cerebral perfusion pressure 
(CPP) less than 15 mm Hg during CPR is a poor prog-
nostic factor for ROSC. Achieving optimal coronary per-
fusion pressure, exhaled carbon dioxide concentration, 
and cardiac output during the low-flow phase of CPR 
is consistently associated with an improved chance for 
return of spontaneous circulation (ROSC) and improved 
short- and long-term outcome in mature animal and 
human studies.98-105 There is a critical need for research 
evaluating goal-directed CPR, both in immature animal 
models and pediatric patients. Other measures essential 
for truncating the no-flow phase during ventricular fibril-
lation and pulseless VT are rapid detection and prompt 
defibrillation. Clearly, CPR alone is inadequate for suc-
cessful resuscitation from these arrhythmias. For cardiac 
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arrests resulting from asphyxia or ischemia, provision of 
adequate myocardial perfusion and myocardial oxygen 
delivery are the critical elements for return of spontane-
ous circulation.

POSTARREST AND RESUSCITATION

The postarrest and resuscitation phase includes coordi-
nated, skilled management of the immediate postresus-
citation stage, the next few hours to days, and long-term 
rehabilitation. The immediate postresuscitation stage is 
a high-risk period for ventricular arrhythmias and other 
reperfusion injuries. Goals of interventions implemented 
during the immediate postresuscitation stage and the 
next few days include adequate tissue oxygen delivery, 
treatment of postresuscitation myocardial dysfunction, 
and minimizing postresuscitation tissue injury (e.g., pre-
venting postresuscitation hyperthermia and hypoglyce-
mia and perhaps initiating postresuscitation therapeutic 
hypothermia, preventing hyperglycemia and avoiding 
hyperoxia). This postarrest and resuscitation phase may 
have the greatest potential for innovative advances in 
the understanding of cell injury (excitotoxicity, oxida-
tive stress, metabolic stress) and cell death (apoptosis and 
necrosis), ultimately leading to novel molecular-targeted 
interventions. The rehabilitation stage concentrates on 
salvage of injured cells and support for reengineering of 
reflex and voluntary communications of these cell and 
organ systems to improve long-term functional outcome.

The specific phase of resuscitation dictates the focus 
of care. Interventions that improve outcome during one 
phase may be deleterious during another. For example, 
intense vasoconstriction during the low-flow phase of 
cardiac arrest improves coronary perfusion pressure and 
the probability of ROSC. The same intense vasoconstric-
tion during the postresuscitation phase increases left 
ventricular afterload and can worsen myocardial strain 
and dysfunction. Current understanding of the physiol-
ogy of cardiac arrest and recovery allows for the crude 
manipulation of arterial blood pressure, oxygen delivery 
and consumption, body temperature, and other physi-
ologic parameters in an attempt to optimize outcome. 
Future strategies likely will take advantage of the increas-
ing knowledge of cellular injury, thrombosis, reperfusion, 
mediator cascades, cellular markers of injury and recov-
ery, and transplantation technology, including stem cells.

INTERVENTIONS DURING THE  
CARDIAC ARREST (NO-FLOW)  
AND CPR (LOW-FLOW)

AIRWAY AND BREATHING

During CPR, cardiac output and pulmonary blood flow 
are approximately 10% to 25% of that during normal 
sinus rhythm; therefore, a lower minute ventilation 
is necessary for adequate gas exchange from the blood 
traversing the pulmonary circulation. Animal and adult 
data indicate that overventilation (e.g., from exuberant 
rescue breathing) during CPR is common and can sub-
stantially compromise venous return and subsequently 
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rdiac output.106-108 These detrimental hemodynamic 
fects are compounded when one considers the effect of 
terruptions in CPR to provide airway management and 
scue breathing and may contribute to worse survival 

utcomes.109-112 Although overventilation is problematic, 
 light of the fact that most pediatric arrests are asphyx-
l in nature, immediate initiation of adequate ventilation 
 still important. The difference between arrhythmo-
enic and asphyxial arrests lies in the physiology. In 

imal models of sudden VF cardiac arrest, acceptable 
aO2 and Paco2 persist for 4 to 8 minutes during chest 
mpressions without rescue breathing.113,114 This is in 

art because aortic oxygen and carbon dioxide concentra-
ons at the onset of the arrest do not vary much from the 
re-arrest state with no blood flow and minimal aortic 
xygen consumption. The lungs act as a reservoir of oxy-
en during the low-flow state of CPR; therefore, adequate 
xygenation and ventilation can continue without rescue 
reathing. Several retrospective studies of witnessed VF 
rdiac arrest in adults have also shown that outcomes 
e similar after bystander-initiated CPR with either chest 
mpressions alone or chest compressions plus rescue 

reathing.115 However, during asphyxial arrest peripheral 
d pulmonary blood flow continues during the prearrest 

ate resulting in significant arterial and venous oxygen 
esaturation, elevated lactate levels, and depletion of the 
ulmonary oxygen reserve. Therefore, at the onset of car-
iopulmonary resuscitation, there is substantial arterial 
ypoxemia and resulting acidemia. In this circumstance, 
scue breathing with controlled ventilation can be a life-
ving maneuver. In contrast, the adverse hemodynamic 
fects from over-ventilation during CPR combined with 
ossible interruptions in chest compressions to open the 
rway and deliver rescue breathing are a lethal combina-
on in certain circumstances such as VT/VF arrests. In 
ort, the resuscitation technique should be titrated to the 

hysiology of the patient to optimize patient outcome.

IRCULATION: OPTIMIZING BLOOD FLOW 
URING LOW-FLOW CPR: PUSH HARD, 
USH FAST

hen the heart arrests, no blood flows to the aorta and 
ronary blood flow ceases immediately.115 At that point, 

rovision of high-quality CPR (“push hard, push fast”) is 
ital to reestablish coronary flow. The goal during CPR 
 to maximize the myocardial perfusion pressure (MPP). 
elated by the equation

MPP = AoDP − RAP 

yocardial blood flow improves as the gradient between 
rtic diastolic blood pressure (AoDP) and right atrial 

ressure (RAP) increases. During downward compression 
hase, AoDP rises simultaneously with RAP with little 
ange in the MPP; however, during the decompression 

hase of chest compressions, the RAP falls faster and 
wer than the AoDP, which generates a pressure gradient 

erfusing the heart with oxygenated blood during this 
tificial period of diastole. Several animal and human 
udies have demonstrated, in both VT/VF and asphyxial 
odels, the importance of establishing MPP as a predic-
r for short-term survival outcome (i.e., ROSC).104,116-119 
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Because there is no flow without chest compressions, it is 
important to minimize interruptions in chest compres-
sions. To allow good venous return in the decompression 
phase of external cardiac massage, it is also important to 
allow full chest recoil and to avoid overventilation (pre-
venting adequate venous return because of increased 
intrathoracic pressure).

Based on the equation above, MPP can be improved by 
strategies that increase the pressure gradient between the 
aorta and the right atrium. As an example, the inspira-
tory impedance threshold device (ITD) is a small, dispos-
able valve that can be connected directly to the tracheal 
tube or face-mask to augment negative intrathoracic pres-
sure during the inspiratory phase of spontaneous breath-
ing and the decompression phase of CPR by impeding 
airflow into the lungs. Application in animal and adult 
human trials of CPR has established the ability of the ITD 
to improve vital organ perfusion pressures and myocar-
dial blood flow120-125; however, in the only randomized 
trial during adult CPR, mortality benefit was limited to 
the subgroup of patients with pulseless electrical activ-
ity.125 Additional evidence that augmentation of negative 
intrathoracic pressure can improve perfusion pressures 
during CPR comes from the active compression-decom-
pression device (ACD). The ACD is a handheld device 
that is fixed to the anterior chest of the victim by means 
of suction similar to a household plunger that can be used 
to apply active decompression forces during the release 
phase, thereby creating a vacuum within the thorax. By 
actively pulling during the decompression phase, blood 
is drawn back into the heart by the negative pressure.126 
Animal and adult studies have demonstrated that the 
combination of ACD with ITD act in concert to further 
improve perfusion pressures during CPR compared with 
ACD alone.122 In the end, while novel interventions such 
as the ITD and ACD are promising adjuncts to improve 
blood flow during CPR, the basic tenants of push hard, 
push fast, allow full chest wall release, minimize interrup-
tions, and don’t overventilate are still the dominate factors 
to improve blood flow during CPR and chance of survival.

CHEST COMPRESSION DEPTH

The pediatric chest compression depth recommenda-
tion of at least one-third anterior-posterior chest depth 
(approximately 4 cm in infants and 5 cm in children) 
is based largely on expert clinical consensus, using data 
extrapolated from animal, adult, and limited pediatric 
data. In a small study of six infants, chest compressions 
targeted to half of anterior-posterior chest depth resulted 
in improved systolic blood pressures compared to those 
targeted at one-third anterior-posterior chest depth.127 
Although this series was small with only qualitatively esti-
mated chest compression depths, it is the first study to 
collect actual data from children supporting the existing 
chest compression depth guidelines. On the contrary, two 
recent studies using computer-automated tomography 
(CT)128,129 suggest that depth recommendations based on 
a relative (%) anterior-posterior chest compression depth 
are deeper than that recommended for adults, and that 
a depth of half of the anterior-posterior chest depth will 
result in direct compression to the point of fully emptying 
the heart and requisite shifting of heart because of inad-
equate anterior-posterior diameter reserve in most chil-
dren. Future studies that collect data from actual children 
and that associate quantitatively measured chest compres-
sion depths with short- and long-term clinical outcomes 
(e.g., arterial blood pressure, end-tidal carbon dioxide, 
return of spontaneous circulation, survival) are needed.

COMPRESSION/VENTILATION RATIOS

The amount of ventilation provided during CPR should 
match, but not exceed, perfusion and should be titrated 
to the amount of circulation during the specific phase of 
resuscitation as well as the metabolic demand of the tis-
sues. Therefore, during the low-flow state of CPR when the 
amount of cardiac output is 10% to 25% of normal, less ven-
tilation is needed.130 However, the best ratio of compressions 
to ventilations in pediatric patients is largely unknown and 
depends on many factors including the compression rate, 
the tidal volume, the blood flow generated by compressions, 
and the time that compressions are interrupted to perform 
ventilation. A compression/ventilation ratio of 15:2 delivers 
the same minute ventilation and increases the number of 
delivered chest compressions by 48% compared with CPR at 
a compression/ventilation ratio of 5:1 in a simulated pediat-
ric arrest model.131,132 This is important because when chest 
compressions cease, the aortic pressure rapidly decreases 
and coronary perfusion pressure falls precipitously, thereby 
decreasing myocardial oxygen delivery.115 Increasing the 
ratio of compressions to ventilations minimizes these inter-
ruptions, thus increasing coronary blood flow. The benefits 
of positive pressure ventilation (increased arterial content of 
oxygen and carbon dioxide elimination) must be balanced 
against the adverse consequence of decreased circulation. 
These findings are in part the reason the AHA recommends 
a pediatric compression/ventilation ratio of 15:2.

DUTY CYCLE

In a model of human adult cardiac arrest, cardiac out-
put and coronary blood flow are optimized when chest 
compressions last for 30% of the total cycle time (approx-
imately 1:2 ratio of time in compression to time in relax-
ation).133 As the duration of CPR increases, the optimal 
duty cycle may increase to 50%. In a juvenile swine 
model, a relaxation period of 250 to 300 msec (duty cycle 
of 40% to 50% at a compression rate of 120 per minute) 
correlates with improved cerebral perfusion pressures 
compared with shorter duty cycles of 30%.134

CIRCUMFERENTIAL VERSUS FOCAL 
STERNAL COMPRESSIONS

In adult and animal models of cardiac arrest, circumfer-
ential (vest) CPR has been demonstrated to improve CPR 
hemodynamics dramatically.135 In smaller infants, it is 
often possible to encircle the chest with both hands and 
depress the sternum with the thumbs, while compress-
ing the thorax circumferentially (thoracic squeeze). In an 
infant animal model of CPR, this “two-thumb” method 
of compression with thoracic squeeze resulted in higher 
systolic and diastolic blood pressures and a higher pulse 



pressure than traditional two-finger compression of the 
sternum.136 Although not rigorously studied, our clinical 
experience indicates that it is difficult to attain adequate 
chest compression force and adequate aortic pressures 
with the two-finger technique; therefore, we fully support 
the AHA Guidelines for health care providers to perform 
CPR on infants with the two-thumb-encircling hands 
technique.137

OPEN-CHEST CARDIOPULMONARY 
RESUSCITATION

In animal models, high quality standard, closed-chest CPR 
generates myocardial blood flow that is more than 50% of 
normal, cerebral blood flow that is approximately 50% of 
normal, and cardiac output approximately 10% to 25% of 
normal.115,117,138,139 By contrast, open-chest CPR can gen-
erate myocardial and cerebral blood flow that approaches 
normal. Although open-chest massage improves coronary 
perfusion pressure and increases the chance of successful 
defibrillation in animals and humans,140-142 performing 
a thoracotomy to allow open-chest CPR is impractical in 
many situations. A retrospective review of 27 cases of CPR 
following pediatric blunt trauma (15 with open-chest 
CPR and 12 with closed-chest CPR) demonstrated that 
open-chest CPR increased hospital cost without altering 
rates of ROSC or survival to discharge. However, survival 
in both groups was 0%, indicating that the population 
may have been too severely injured or too late in the 
process to benefit from this aggressive therapy.143 Open-
chest CPR is often provided to children after open-heart 
cardiac surgery and sternotomy. Earlier institution of 
open-chest CPR may warrant reconsideration in selected 
special resuscitation circumstances.

MEDICATIONS USED TO TREAT  
CARDIAC ARREST

Administration of epinephrine can likely improve initial 
resuscitation success after both asphyxial and VF cardiac 
arrests. However, whether epinephrine administration 
improves survival outcome from pediatric cardiac arrest is 
not documented. Many medications are used during pedi-
atric resuscitation attempts including vasopressors (epi-
nephrine and vasopressin), antiarrhythmics (amiodarone 
and lidocaine), and other drugs such as calcium chloride 
and sodium bicarbonate. A discussion of each follows.

VASOPRESSORS

Epinephrine
Epinephrine (adrenaline) is an endogenous catechol-
amine with potent α- and β-adrenergic stimulating 
properties. The α-adrenergic action (vasoconstriction) 
increases systemic and pulmonary vascular resistance. The 
resultant higher aortic diastolic blood pressure improves 
coronary perfusion pressure and myocardial blood flow 
even though it reduces global cardiac output during CPR; 
and as noted previously, adequacy of myocardial blood 
flow is a critical determinant of ROSC. Epinephrine also 
increases cerebral blood flow during good quality CPR 
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because peripheral vasoconstriction directs a greater pro-
portion of flow to the cerebral circulation.144-146 However, 
epinephrine can decrease local cerebral microcircula-
tory blood flow at a time when global cerebral flow is 
increased.147 The β-adrenergic effect increases myocardial 
contractility and heart rate, and relaxes smooth muscle 
in the skeletal muscle vascular bed and bronchi; however, 
the β-adrenergic effects are not observed in the peripheral 
vascular beds secondary to the high dose used in cardiac 
arrest. Epinephrine also increases the vigor and intensity 
of VF, increasing the likelihood of successful defibrilla-
tion. High-dose epinephrine (0.05-0.2 mg/kg) improves 
myocardial and cerebral blood flow during CPR more 
than standard-dose epinephrine (0.01-0.02 mg/kg) in ani-
mal models of cardiac arrest and may increase the inci-
dence of initial ROSC.148,149 However, prospective and 
retrospective studies have indicated that the use of high-
dose epinephrine in adults or children does not improve 
survival and may be associated with worse neurologic 
outcome.150,151 A randomized, blinded, controlled trial of 
rescue high-dose epinephrine versus standard-dose epi-
nephrine after failed initial standard-dose epinephrine in 
pediatric in-hospital cardiac arrest demonstrated a worse 
24-hour survival in the high-dose epinephrine group (1 of 
27 survivors versus 6 of 23 survivors; p < 0.05).152 Based 
on these clinical studies, high-dose epinephrine cannot 
be recommended routinely for either initial or rescue 
therapy. Importantly, these studies indicate that high-
dose epinephrine can worsen a patient’s post-resuscita-
tion hemodynamic condition and likelihood of survival.

Vasopressin
Vasopressin is a long-acting endogenous hormone that 
acts at specific receptors to mediate systemic vasocon-
striction (V1 receptor) and reabsorption of water in the 
renal tubule (V2 receptor). Vasoconstrictive properties 
are most intense in the skeletal muscle and skin vascular 
beds. Unlike epinephrine, vasopressin is not a pulmo-
nary vasoconstrictor. In experimental models of car-
diac arrest, vasopressin increases blood flow to the heart 
and brain and improves long-term survival compared 
with epinephrine. However, vasopressin can decrease 
splanchnic blood flow during and following CPR and 
can increase afterload in the post-resuscitation period 
placing further strain on the left ventricle.138,153-156 Adult 
randomized controlled trials suggest that outcomes are 
similar after use of vasopressin or epinephrine during 
CPR.157,158 During pediatric arrest, a case series of four 
children who received vasopressin during six prolonged 
cardiac arrest events suggested that the use of bolus vaso-
pressin can result in ROSC when standard medications 
have failed.159 However, a more recent retrospective 
study of 1293 consecutive pediatric arrests from the AHA 
National Registry of CPR (NRCPR) found that vasopres-
sin use, while infrequent (administered in only 5% of 
events), was associated with a lower likelihood of ROSC. 
Therefore, it is unlikely that vasopressin will replace epi-
nephrine as a first-line agent in pediatric cardiac arrest; 
however, the available data suggest that its use in con-
junction with epinephrine may deserve further inves-
tigation, especially in prolonged arrest unresponsive to 
initial epinephrine resuscitation.
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ANTIARRHYTHMIC MEDICATIONS

Calcium
Calcium is used frequently in cases of pediatric  cardiac 
arrest, despite the lack of evidence for efficacy. In the 
absence of a documented clinical indication (i.e., hypo-
calcemia, calcium channel blocker overdose, hyperma-
gnesemia, or hyperkalemia), administration of calcium 
does not improve outcomes from cardiac arrest.160-168 
To the contrary, three pediatric studies have suggested a 
potential for harm, as routine calcium administration was 
associated with decreased survival rates and worse neu-
rologic outcomes.160-168 Despite limited clinical data to 
support the use of calcium during CPR, it is reasonable to 
consider calcium administration during CPR for cardiac 
arrest patients at frequent risk of hypocalcemia (includ-
ing renal failure, shock associated with massive transfu-
sion—see also Chapter 61).

Buffer Solutions
There are no randomized controlled studies in chil-
dren examining the use of sodium bicarbonate for 
management of pediatric cardiac arrest. Two random-
ized controlled studies have examined the value of 
sodium bicarbonate in the management of adult car-
diac arrest169 and in neonates with respiratory arrest in 
the delivery room.170 Neither study was associated with 
improved survival. In fact, one multicenter retrospective 
in-hospital pediatric study found that sodium bicarbon-
ate administered during cardiac arrest was associated 
with decreased survival, even after controlling for age, 
sex, and first documented cardiac rhythm.167 Therefore, 
during pediatric cardiac arrest resuscitation, the use of 
sodium bicarbonate is not recommended. Clinical trials 
involving critically ill adults with severe metabolic aci-
dosis do not demonstrate a beneficial effect of sodium 
bicarbonate on hemodynamics despite correction of aci-
dosis.171,172 Yet, severe acidosis can depress the action of 
catecholamines and worsen myocardial function.173,174 
Nevertheless, the use of sodium bicarbonate during CPR 
is not supported by clinical data. Pediatric patients with 
implanted cardiac pacemakers may have an increased 
threshold for myocardial electrical stimulation when 
acidotic175; therefore, administration of bicarbonate or 
another buffer is appropriate for management of severe 
documented acidosis in these children. Administration 
of sodium bicarbonate also is indicated in the patient 
with a tricyclic antidepressant overdose, hyperkalemia, 
hypermagnesemia, or sodium channel blocker poison-
ing. The buffering action of bicarbonate occurs when a 
hydrogen cation and a bicarbonate anion combine to 
form carbon dioxide and water. Carbon dioxide must 
be cleared through adequate minute ventilation; thus, 
if ventilation is impaired during sodium bicarbonate 
administration, carbon dioxide buildup may negate the 
buffering effect of bicarbonate. Because carbon dioxide 
readily penetrates cell membranes, intracellular acido-
sis may paradoxically increase after sodium bicarbonate 
administration without adequate ventilation. There-
fore, bicarbonate should not be used for management 
of respiratory acidosis. Unlike sodium bicarbonate, 
tromethamine (THAM) buffers excess protons without 
generating carbon dioxide; in fact, carbon dioxide is 
consumed following THAM administration. In a patient 
with impaired minute ventilation, tromethamine may 
be preferable when buffering is necessary to mitigate 
severe acidosis. Tromethamine undergoes renal elimina-
tion, and renal insufficiency may be a relative contrain-
dication to its use. Carbicarb, an equimolar combination 
of sodium bicarbonate and sodium carbonate, is another 
buffering solution that generates less carbon dioxide 
than sodium bicarbonate. In a canine model of cardiac 
arrest comparing animals given normal saline, sodium 
bicarbonate, THAM, or Carbicarb, the animals given 
any buffer solution had a more frequent rate of ROSC 
than the animals given normal saline. In the animals 
given sodium bicarbonate or Carbicarb, the interval to 
ROSC was significantly shorter than in animals given 
normal saline. However, at the end of the 6-hour study 
period, all resuscitated animals were in a deep coma; 
therefore, no inferences regarding meaningful survival 
can be drawn.176 It is premature to recommend either 
THAM or Carbicarb during CPR at this time.

POSTRESUSCITATION INTERVENTIONS

Temperature Management
Two seminal articles177,178 have established that induced 
hypothermia (32°C-34°C) could improve outcome for 
comatose adults after resuscitation from VF cardiac 
arrest. In both randomized, controlled trials, the inclu-
sion criteria were patients older than 18 years who were 
persistently comatose after successful resuscitation from 
nontraumatic VF.179,180 However, in a recent random-
ized control trial of unconscious adult survivors of out-
of-hospital cardiac arrest, a targeted temperature of 33°C 
did not confer a benefit as compared with the targeted 
temperature of 36°C.181 Interpretation and extrapolation 
of these studies to children is difficult; however, fever 
within the first 48 hours following cardiac arrest, brain 
trauma, stroke, and ischemia is associated with poor neu-
rologic outcome. Emerging neonatal trials of selective 
brain cooling and systemic cooling show promise in neo-
natal hypoxic-ischemic encephalopathy, suggesting that 
induced hypothermia can improve outcomes.182,183 The 
efficacy of therapeutic hypothermia following pediatric 
cardiac arrest is being evaluated in a randomized con-
trolled trial (clinicaltrials.gov identifier NCT00880087; 
THAPCA: Therapeutic Hypothermia After Pediatric 
Cardiac Arrest [www.thapca.org]). At a minimum, it is 
advisable to avoid hyperthermia in children after admin-
istering CPR. Using an approach of “therapeutic normo-
thermia” with scheduled administration of antipyretic 
medications and the use of external cooling devices, 
while monitoring core temperature, may be necessary to 
prevent hyperthermia in this population. Notably, pre-
venting hyperthermia is not easy. Many children become 
hyperthermic after arrest despite the intent to prevent 
hyperthermia.178

Glucose Control
Both hyperglycemia and hypoglycemia following cardiac 
arrest is associated with worse neurologic outcome.184-187 

http://clinicaltrials.gov
ctgov:NCT00880087
http://www.thapca.org


While it seems intuitive that hypoglycemia would be
associated with worse neurologic outcome, it is not clear
whether hyperglycemia per se is harmful or is simply a
marker of the severity of the stress hormone response
from prolonged ischemia. A recent randomized control
trial suggests that tight glycemic control in critically ill
children had no effect on major clinical outcomes, but
was associated with a higher incidence of hypoglyce-
mia.188 In summary, there is insufficient evidence to for-
mulate a strong recommendation on the management
of hyperglycemia in children with ROSC following car-
diac arrest. If hyperglycemia is treated after ROSC in
pediatric patients, blood glucose concentrations should
be carefully monitored to avoid hypoglycemia.

Blood Pressure Management
A patient with ROSC may have substantial variability
in arterial blood pressure after cardiac arrest. Postar-
rest or resuscitation myocardial dysfunction is common
and is often associated with hypotension (discussed
later).179,180,189-198 In addition, hypertension may occur,
especially if the patient receives vasoactive infusions for
postarrest myocardial dysfunction. Optimization of arte-
rial blood pressure postarrest is critical to maintain ade-
quate perfusion pressure to vital organs that may have
already been injured from the “no flow” and “low blood
flow” states during initial cardiac arrest and CPR. Cere-
bral blood flow in healthy patients is tightly controlled
over a wide range of mean arterial blood pressure via
cerebral neurovascular bundle (autoregulation); however,
adults resuscitated from cardiac arrest have demonstrated
impaired autoregulation of cerebral blood flow, and this
might be the case in children.199

Autoregulation of the cerebral neurovascular bundle
following cardiac arrest may limit the brain’s ability to
regulate excessive blood flow and microvascular perfu-
sion pressure, thereby leading to reperfusion injury dur-
ing systemic hypertension. However, in animal models,
brief induced hypertension following resuscitation results
in improved neurologic outcome compared with normo-
tensive reperfusion.200,201 Conversely, systemic hypoten-
sion can perpetuate neurologic metabolic crisis following
ischemic injury by uncoupling bioenergetic demand and
delivery. Therefore, a practical approach to blood pres-
sure management following cardiac arrest is to attempt to
minimize arterial blood pressure variability in this high-
risk period following resuscitation.

POSTRESUSCITATION MYOCARDIAL 
DYSFUNCTION

Postarrest myocardial stunning and arterial hypotension
occur commonly after successful resuscitation in both
animals and humans.179,180,189-198 Postarrest myocardial
stunning is a global phenomenon with biventricular
systolic and diastolic dysfunction. Postarrest myocardial
stunning is pathophysiologically and physiologically sim-
ilar to sepsis-related myocardial dysfunction and post–car-
diopulmonary bypass myocardial dysfunction, including
increases in inflammatory mediators and nitric oxide pro-
duction.192,195,196,198 Because cardiac function is essential
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to reperfusion following cardiac arrest, management of 
postarrest myocardial dysfunction may be important to 
improving survival. Administration of inotropic, vasopres-
sors, and vasodilators must be carefully titrated during the 
postresuscitation phase to the cardiovascular physiology.  
Although the optimal management of post–cardiac 
arrest hypotension and myocardial dysfunction has not 
been established, aggressive hemodynamic support may 
improve outcomes. Dobutamine, milrinone, and levo-
simendan can effectively ameliorate post–cardiac arrest 
myocardial dysfunction.189,190,202,203 In clinical observa-
tional studies, intravascular fluid resuscitation has been 
given to patients with hypotension and concomitant low 
central venous pressure. Various vasoactive infusions, 
including epinephrine, dobutamine, and dopamine, 
have been given to treat the myocardial dysfunction syn-
drome.179,180,193-197 In the end, optimal use of these drugs 
involves close goal-directed titration, and the use of inva-
sive hemodynamic monitoring may be appropriate. Gen-
eral critical care goals are simply adequate arterial blood 
pressures and oxygen delivery; however, the definition 
of adequate is elusive. Reasonable interventions for vaso-
dilatory shock with low central venous pressure include 
intravenous fluid resuscitation and vasoactive infusions. 
Appropriate considerations for left ventricular myocar-
dial dysfunction include euvolemia, inotropic infusions, 
and afterload reduction.

NEUROMONITORING

Continuous neuromonitoring and goal-directed interven-
tion following cardiac arrest can improve neurologic 
outcomes (see also Chapter 49).204 Continuous elec-
troencephalogram (EEG) monitoring is an increasingly 
instituted modality for neuromonitoring of critically ill 
patients to diagnose nonconvulsive seizures and seizures 
in patient’s receiving neuromuscular blocking drugs (see 
Chapter 34). Continuous EEG monitoring is noninva-
sive, performed at the bedside, and permits continuous 
assessment of cortical function. Interpretation of con-
tinuous EEG monitoring is usually performed by a neu-
rologist from a remote location and not bedside critical 
care physicians. However, advances in quantitative EEG 
tools may allow bedside caregivers to identify important 
electrographic events, such as seizures or abrupt back-
ground changes, potentially to permit real-time analysis 
and intervention.205 In a prospective study of continu-
ous EEG monitoring in children, nonconvulsive seizures 
were detected in 39% (12 of 31) of children following 
cardiac arrest.206 In a partially overlapping cohort of  
19 children, nonconvulsive seizures were common in 
children undergoing therapeutic hypothermia after 
cardiac arrest.206 Nonconvulsive seizures are a com-
mon occurrence following cardiac arrests in children. 
Although, not established in pediatric patients follow-
ing cardiac arrest, nonconvulsive seizures are associated 
with worse outcomes among critically ill adults and neo-
nates.207-213 Continuous EEG monitoring should be con-
sidered for children after cardiac arrest, and patients with 
nonconvulsive seizures (especially status epilepticus with 
nonconvulsive seizure) should be treated with anticon-
vulsant medication. The frequency of the nonconvulsive 
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seizures and benefit from anticonvulsant therapy need to 
be clarified.

Oxidative injury may be the most intense in the early 
phases of post-resuscitation therapy following cardiac 
arrest.214 The use of 100% oxygen (compared to room 
air) during and immediately following resuscitation in 
animal models can exacerbate oxidative injury to key 
mitochondrial enzymes (pyruvate dehydrogenase or 
manganese superoxide) or mitochondrial lipids (cardio-
lipin), leading to worse neurologic outcomes.215-218 Using 
peripheral pulse oximetry to titrate oxygenation in the 
post- resuscitation phase can reduce post-resuscitation 
hyperoxia and significantly improve neuropathology 
and neurobehavioral outcomes.219 A PaO2 ≥ 300 mm 
Hg was independently associated with in-hospital mor-
tality compared with either hypoxia or normoxia in an 
 observational study among critically ill adult patients 
admitted to the ICU within 24 hours of a cardiac arrest.220 
We believe that it is prudent to titrate oxygenation dur-
ing and after pediatric cardiac arrest. Although the opti-
mal SpO2 is not known, the FiO2 should be titrated to the 
lowest amount necessary to assure SpO2 > 94%. Perhaps 
the future of postarrest care will include more aggressive 
neurocritical care monitoring, such as near infrared spec-
troscopy, cerebral microdialysis, brain tissue oxygenation 
(Pbto2), cerebral blood flow, and even bedside analysis of 
mitochondrial dysfunction.

QUALITY OF CARDIOPULMONARY 
RESUSCITATION

Despite evidence-based guidelines, extensive provider 
training, and provider credentialing in resuscitation 
medicine, the quality of CPR is typically poor (see also 
Chapter 108). CPR guidelines recommend target values 
for selected CPR parameters related to rate and depth of 
chest compressions and ventilations, avoidance of CPR-
free intervals, and complete release of sternal pressure 
between compressions.221 Slow compression rates, inad-
equate depth of compression, and substantial pauses are 
the norm. An approach to push hard, push fast, minimize 
interruptions, allow full chest recoil, and don’t overventilate 
can markedly improve myocardial, cerebral, and systemic 
perfusion, and will likely improve outcomes.111 Quality 
of postresuscitative management is also critically impor-
tant to improve resuscitation survival outcomes.193 Mea-
suring the quality of CPR and avoiding overventilation 
during cardiac arrest resuscitation have recently been 
reemphasized by consensus of the International Liaison 
Committee on Resuscitation and the AHA.222 Although 
the correct amount, timing, intensity, and duration of 
ventilation that is required during CPR is controversial, 
there is no controversy that measurement and titration 
of the amount of ventilation to the amount of blood per-
fusion are desirable. Thus, additional technology that is 
safe, accurate, and practical would improve detection and 
feedback of the quality of CPR.

Recent technology has been developed that monitors 
quality of CPR by force sensors and accelerometers and 
can provide verbal feedback to the CPR administrator 
regarding the frequency and depth of chest compressions 
and the volume of ventilations. Recent pediatric data 
illustrates that intensive training and real-time corrective 
feedback can help chest compression quality approach 
age-specific AHA CPR guideline targets.223-225 Moreover, 
improvements in post-resuscitation care can improve 
resuscitation survival outcomes.193

EXTRACORPOREAL MEMBRANE 
OXYGENATION AND EXTRACORPOREAL 
CARDIOPULMONARY RESUSCITATION

Extracorporeal CPR (ECPR) improves short-term and 
long-term survival outcomes following in-hospital and 
out-of-hospital cardiac arrest refractory to conventional 
therapy in observational studies.226-229 Such studies can 
be criticized for small numbers, selection bias, and the 
lack of randomization to control for confounding by 
indication.230 A randomized controlled trial investigating 
the treatment effect of ECPR for in-hospital cardiac arrest 
is unlikely, because of the need for a large sample size, 
complexity of methodology, lack of blinding, and lack of 
equipoise among providers. Devoid of a randomized con-
trolled trial, ECPR observational studies in children clearly 
suggest favorable early survival outcomes in children with 
primary cardiac disease when ECPR protocols were in 
place at the time of the arrest.231 For pediatric patients 
without primary cardiac disease, the data are less clear. 
Impressively, these studies consistently show that more 
than one third of children provided with ECPR survive 
to hospital discharge despite median durations of CPR of 
approximately 50 minutes before ECMO implementation. 
Importantly, 64% of patients who survived to discharge 
after ECPR had favorable neurologic outcomes.232 Cur-
rent guidelines recommend that ECPR (or rescue ECMO) 
should be considered in pediatric patients with in-hospi-
tal cardiac arrest that is refractory to initial resuscitation 
efforts when the cause of the arrest is believed to be revers-
ible or amenable to heart transplantation.233 Timely, qual-
ity ECPR could be an important adjuvant to conventional 
CPR for pediatric patients. Future frontiers will define 
patient populations and optimize the clinical approach 
to extracorporeal support; however, clinicians providing 
CPR should consider ECPR early in the course of a resusci-
tation not responding to conventional CPR. Perhaps after 
failure to attain ROSC within 5 minutes, clinicians should 
ask themselves: (1) Does the patient have a potentially 
reversible process, (2) would ECMO be a “bridge” to a 
potentially good outcome, and (3) do we have the person-
nel and resources to provide EMCO promptly?

VENTRICULAR FIBRILLATION AND 
VENTRICULAR TACHYCARDIA IN 
CHILDREN

Pediatric VF or VT has been an underappreciated pediat-
ric problem. Recent studies indicate that VF and VT (i.e., 
shockable rhythms) occur in 27% of in-hospital cardiac 
arrests at some time during the resuscitation.234 In a popu-
lation of PICU patients, as many as 41% of arrests were 
associated with VF or VT.235 According to the NRCPR data-
base, 10% of children with in-hospital cardiac arrest had 
an initial rhythm of VF/VT. In all, 27% of the children 



had VF/VT at some time during the resuscitation.234 The
incidence of VF varies by setting and age.236 In special
circumstances, such as tricyclic antidepressant overdose, 
cardiomyopathy, post-cardiac surgery, and prolonged
QT syndromes, VF and pulseless VT are more likely. The
treatment of choice for short-duration VF is prompt defi-
brillation. In general, the mortality rate increases by 7%
to 10% per minute of delay to defibrillation. Because VF 
must be considered before defibrillation can be provided, 
early determination of the rhythm by electrocardiography
is critical. An attitude that VF is rare in children can be
a self-fulfilling prophecy with a uniformly fatal outcome. 
The recommended defibrillation dose is 2 J/kg. In the mid-
1970s, starting doses of 60 to 200 J were recommended
for all children. Because of concerns for myocardial dam-
age, shock doses ranging from 0.5 to 1 J/kg were adequate 
for defibrillation in a variety of animal species. Gutgesell
and associates236a evaluated the efficacy of their strategy to 
defibrillate with 2-J/kg monophasic shocks. Seventy-one
transthoracic defibrillations in 27 children were evalu-
ated. Shocks within 10 J of 2 J/kg resulted in successful
defibrillation (i.e., termination of fibrillation) in 91% of
defibrillation attempts. More recent data demonstrate that
an initial shock dose of 2 J/kg terminates fibrillation in less 
than 60% of children, suggesting that a higher dose may 
be needed.83,237-239 Interestingly, retrospective observa-
tional NRCPR data demonstrate that higher initial doses
of 4 J/kg were associated with worse short-term survival 
(i.e., immediate survival of the cardiac arrest event with 
a spontaneous rhythm). Despite five decades of clinical
experience with pediatric defibrillation, the optimal dose 
remains unknown.

ANTIARRHYTHMIC MEDICATIONS: 
LIDOCAINE AND AMIODARONE

Administration of antiarrhythmic medications should 
never delay administration of shocks to a patient with
VF. However, after an unsuccessful attempt at electrical 
defibrillation, medications to increase the effectiveness 
of defibrillation should be considered. Epinephrine is the
current first-line medication for both pediatric and adult 
patients in VF. If epinephrine and a subsequent repeated
attempt to defibrillate are unsuccessful, lidocaine or ami-
odarone should be considered.

Lidocaine traditionally has been recommended for
shock-resistant VF in adults and children. However, only
amiodarone improved survival to hospital admission in 
the setting of out-of-hospital cardiac arrest with shock-
resistant VF compared with placebo.240 In another study 
of shock-resistant out-of- hospital VF, patients receiv-
ing amiodarone had a higher rate of survival to hospital 
admission than patients receiving lidocaine did.241 Nei-
ther study included children. Because there is moderate 
experience with amiodarone use as an antiarrhythmic 
agent in children and because of the adult studies, it is 
rational to use amiodarone similarly in children with
shock-resistant VF/VT. The recommended dose is 5 mg/
kg by rapid intravenous bolus. There are no published 
comparisons of antiarrhythmic medications for pediatric 
refractory VF. Although extrapolation of adult data and
electrophysiologic mechanistic information suggest that 
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amiodarone may be preferable for pediatric shock-resis-
tant VF, the optimal choice is not clear.

PEDIATRIC AUTOMATED EXTERNAL 
DEFIBRILLATORS

Automated external defibrillators (AEDs) have improved 
adult survival from VF.242,243 AEDs are recommended for 
use in children 8 years or older with cardiac arrest.137,244 The 
available data suggest that some AEDs can accurately diag-
nose VF in children of all ages, but many AEDs are limited 
because the defibrillation pads and energy dosage are geared 
for adults. Adapters having smaller defibrillation pads that 
dampen the amount of energy delivered have been devel-
oped as attachments to adult AEDs, allowing their use in 
children. However, it is important that the AED diagnostic 
algorithm is sensitive and specific for pediatric VF and VT. 
The diagnostic algorithms from several AED manufactur-
ers have been tested for such sensitivity and specificity and 
therefore can be reasonably used in younger children.

WHEN SHOULD CPR BE DISCONTINUED?

Several factors determine the likelihood of survival after 
cardiac arrest including the mechanism of the arrest 
(e.g., traumatic, asphyxial, progression from circulatory 
shock), location (e.g., in-hospital or out-of-hospital), 
response (i.e., witnessed or unwitnessed, with or without 
bystander CPR), underlying pathophysiology (i.e., cardio-
myopathy, congenital defect, drug toxicity, or metabolic 
derangement), and the potential reversibility of underly-
ing diseases. These factors should all be considered before 
deciding to terminate resuscitative efforts. Continuation 
of CPR has been traditionally considered futile beyond 
15 minutes of CPR or when more than 2 doses of epi-
nephrine are needed.245 Presumably in part because of 
improvements in CPR quality and post-resuscitation  
care, improved outcomes from in-hospital CPR efforts 
beyond 15 minutes or two doses of epinephrine are 
increasingly the norm.73,76 The potential for excellent 
outcomes despite prolonged CPR has been highlighted 
by the ECPR data noted previously.246-250 Conversely, the 
decision to discontinue CPR prematurely is final and can-
not be rescinded. In the second decade of the twenty-first 
century, there is still no simple answer to the important 
clinical question: When should CPR be discontinued?

RESPIRATORY SYSTEM

STRUCTURAL AND FUNCTIONAL 
DEVELOPMENT: AGE-DEPENDENT 
VARIABLES

Airways and Alveoli
The lungs appear in the fourth to eighth weeks of gesta-
tion. At this time, the lung buds divide into the mainstem 
bronchi; by 6 weeks, all subsegmental bronchi are pres-
ent; and by 16 weeks, the number of airway generations 
is similar to that of adults. When airway development 
is complete, the terminal airways remodel and multiply 
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to form a cluster of large saccules, or alveolar precursors, 
that can support gas exchange. True alveoli appear before 
and after birth, and the respiratory saccules are thin and 
septate during postnatal growth.

At birth, children have approximately 24 million 
alveoli; by 8 years of age, the number has increased to  
300 million. After that, further lung growth is primarily 
the result of increased alveolar size. There is less elastic tis-
sue in the neonatal lung than in the lungs of adults, and 
the elastin extends only to the alveolar duct. By 18 years 
of age, elastin extends to the alveolus and is at its maxi-
mum. It then slowly decreases over the next 5 decades. 
Lung compliance is integrally related to the amount of 
elastin; hence, compliance peaks in adolescence. It is 
lower in the very young and the very old. Airways close in 
the tidal volume range until approximately 5 years of age.

Pulmonary Circulation
The main axial arteries of the lungs are present at  
14 weeks’ gestation. By 20 weeks’ gestation, the pattern of 
branching is similar to that of adults, and collateral super-
numerary vessels are present. During fetal life, additional 
arteries develop to accompany the respiratory airways and 
saccules. Bronchial arteries appear between the ninth and 
twelfth weeks of gestation. The arterial wall develops a fine 
elastic lamina by 12 weeks’ gestation, and muscle cells are 
present as early as 14 weeks’ gestation. By 19 weeks, the 
elastic tissue extends to the seventh generation of arte-
rial branching, and muscularization extends distally. In 
the fetus, muscularization of the arteries ends at a more 
proximal level than in children and adults. The muscular-
ized arteries have thicker walls than arteries of similar size 
in adults. The pulmonary arteries are actively constricted 
until the latter part of gestation. In the fetal lamb, pul-
monary blood flow is only 3.5% of the combined ven-
tricular output at 0.4 to 0.7 of gestation and is just 7% 
near term. Immediately after birth, pulmonary blood flow 
increases to near adult levels. Development of the pulmo-
nary venous system mirrors that of the arterial system. The 
pulmonary arteries continue to develop after birth; new 
artery formation follows airway branching up to about 19 
months of age, and supernumerary arteries continue to 
grow until 8 years of age. As alveolar size increases, the 
acinar branching pattern becomes more extensive and 
complex. The arterial structure also changes as preexist-
ing arteries increase in size; the thickness of the muscular 
arteries decreases to adult levels during the first year of life.

Biochemical Development
By 24 weeks’ gestation, the alveolar cuboidal epithelium 
flattens, and type I pneumocytes become the lining and 
supporting cells for the alveoli. The larger type II cells, 
which manufacture and store surfactant, also develop at 
this time. Surfactant initially appears at 23 to 24 weeks’ 
gestation in humans and increases in concentration dur-
ing the last 10 weeks of gestational life.58 Surfactant is 
released into the alveoli at about 36 weeks’ gestation, 
thus making normal extrauterine life possible.

Respiratory Transition: Placenta to Lung
By approximately 24 weeks’ gestation, the lungs are 
capable of extrauterine gas exchange. However, several 

i
o
t
w
i
l
a
f
c
a
c
c
c
r
f
s
o
t
t

M
F
o
f
d
t

L
L
i
s
p
e
d
l
r

C
T
t
u
t
o
h
a
t
p
t
i
n
c
t
r
l
r
t
i

U
T
a
a

mportant circulatory and mechanical changes must 
ccur immediately after birth for pulmonary gas exchange 
o be adequate. Ventilation begins to match perfusion 
ithin the first hours of life. Initially, there is right-to-left 

ntrapulmonary shunting through atelectatic areas of the 
ung, as well as left-to-right shunting through the ductus 
rteriosus and some right-to-left shunting through the 
oramen ovale. The resultant PaO2 of 50 to 70 mm Hg indi-
ates a right-to-left shunt that is threefold that of normal  
dults. Transition from fetal to neonatal respiration and 
irculation is dynamic. Postnatally, the pulmonary vas-
ular bed remains constricted if it is exposed to acidosis, 
old, or hypoxia. If pulmonary artery constriction occurs, 
ight-to-left shunting of desaturated blood through the 
oramen ovale and ductus arteriosus increases and con-
equently reduces pulmonary blood flow. Maintenance 
f this active pulmonary vasoconstriction is called persis-
ent pulmonary hypertension of the newborn or persis-
ent fetal circulation.

echanics of Breathing
or ventilation of the lungs, the respiratory muscles must 
vercome the lung’s static-elastic and dynamic-resistive 
orces. Changes in these opposing forces during postnatal 
evelopment affect lung volume, the pattern of respira-
ion, and the work of breathing.

ung Compliance versus Age
ung compliance changes with age because of the chang-
ng alveolar structure, amount of elastin, and amount of 
urfactant. At birth, compliance is low because alveolar 
recursors have thick walls and decreased amounts of 
lastin. A deficiency of surfactant (e.g., hyaline membrane 
isease) further decreases lung compliance. The improved 

ung compliance occurring over the first years of life is the 
esult of continued development of alveoli and elastin.

hest Wall
he chest wall of infants is highly compliant because 
heir ribs are cartilaginous. Because of the boxlike config-
ration of an infant thorax, there is less elastic recoil than 
here is with the dorsoventrally flattened thoracic cage 
f adults. Adults have a high proportion of slow-twitch, 
igh-oxidative, fatigue-resistant fibers in their diaphragm 
nd intercostal muscles. Whereas adults have 65% of 
hese fibers in the intercostal muscles and 60% in the dia-
hragmatic muscles, neonates have only 19% to 46% of 
hese fibers in their intercostal muscles and 10% to 25% 
n the diaphragm.60 Consequently, infants are more vul-
erable to muscle fatigue and decreased stability of the 
hest wall. The net effect of the compliant chest wall and 
he poorly compliant lungs is alveolar collapse and lower 
esting lung volume (i.e., FRC). Despite this tendency for 
ung collapse, a child maintains a large dynamic FRC via 
apid respiratory rates, laryngeal breaking, and stabiliza-
ion of the chest wall with increased intercostal tone dur-
ng exhalation.

pper Airway
he upper airways of children and adults have several 
natomic differences that affect their ability to maintain 
 patent airway. The more anterior and cephalad position 



of the larynx in children makes the “sniffing position” 

ideal for mask ventilation and endotracheal intubation. 
Extreme neck extension can actually obstruct the airway. 
The narrowest part of the adult airway is the vocal cords. 
Up to the age of 5 years, the narrowest portion of a child’s 
airway is at the cricoid cartilage because the posterior lar-
ynx is positioned more cephalad than the anterior lar-
ynx, which causes the cricoid ring to be an ellipse rather 
than a circle. By 5 years of age, the posterior larynx has 
descended to the adult level.251 An ETT that passes eas-
ily through the vocal cords of a young child may cause 
ischemic damage to the distal airway. The cricoid narrow-
ing and very pliant tracheal cartilage provide an adequate 
seal around an uncuffed ETT. Children younger than 5 
years rarely require a cuffed ETT, although some practitio-
ners use cuffed tubes regularly in these patients.252

Closing Capacity
The elastic properties of the lung closely correlate with 
closing capacity. Closing volume is the lung volume 
at which the terminal airways close and gas is trapped 
behind the closed airways. Large closing volumes increase 
dead space ventilation, which leads to atelectasis and 
right-to-left shunting of blood. Elastic tissues help keep 
the airways open, so the greater the elastic stroma in the 
small airways, the lower the lung volume required to 
close small, noncartilagineous airways. Closing volume 
is small in late adolescence and relatively large in older 
adults and the very young. Children overcome the com-
plications of large closing volumes and secondary atelec-
tasis by breathing rapidly, by constant activity, and by 
crying. Closing volume becomes a significant problem in 
infants who are inactive, sedated, or anesthetized.

Resistive Forces
Neonates have small airways with high resistance or low 
conductance (conductance = 1/resistance). The diameter 
of the small airways does not significantly increase until 
approximately 5 years of age; hence, young children have 
elevated airway resistance at baseline and are particularly 
vulnerable to diseases that cause further narrowing of the 
airways (i.e., smooth muscle constriction, airway edema 
or inflammation). The normal high airway resistance of 
neonates and young children helps maintain FRC.

Control of Breathing
The newborn’s respiratory control is unique. Hypoxia ini-
tially increases ventilation for a short time. This increase 
is followed by a sustained decrease in ventilation. The 
response is more exaggerated in preterm neonates. In full-
term infants, it disappears after several weeks. Periodic 
breathing is also more common in infants, particularly 
preterm infants, and is probably due to inadequate devel-
opment of the medullary respiratory centers.

Oxygen Transport: Oxygen Loading  
and Unloading
Fetal hemoglobin has low levels of 2,3-diphosphoglycer-
ate and an oxygen half-saturation pressure of hemoglobin 
(P50) of 18 mm Hg, which is much lower than the 27 mm 
Hg in adults. This lower P50 allows the fetus to load more 
oxygen at low placental oxygen tension, but it makes 
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unloading oxygen in tissues more difficult. Three to 6 months  
after birth, fetal hemoglobin has been replaced with 
adult hemoglobin. The increased oxygen content of fetal 
hemoglobin and the increased fetal hemoglobin concen-
tration are advantageous to the fetus because it allows an 
oxygen content of 20 mL of oxygen per 100 mL of blood 
to be delivered to the brain and heart. This is the same 
oxygen content that adults have when breathing room 
air. The oxygen concentration of neonates at birth is 6 
to 8 mL/kg/min. It decreases to 5 to 6 mL/kg/min over 
the first year of life. The decreased ventilation-perfusion 
ratio, the decreased P50 of fetal hemoglobin,53 and the 
progressive anemia characteristic of infants can make it 
difficult to deliver adequate oxygen during the first few 
months of life. Infants compensate by having a cardiac 
output of approximately 250 mL/kg/min for the first 4 to 
5 months of life.

RESPIRATORY FAILURE

Respiratory failure is the inability of the lungs to ade-
quately oxygenate and remove CO2 from pulmonary arte-
rial blood. There are many causes of respiratory failure, 
including a low environmental oxygen concentration, 
parenchymal lung disease, and pulmonary vascular dis-
ease. A complete history of the severity and chronicity 
of the respiratory problem helps formulate a differential 
diagnosis and an approach to treatment. Specific data 
should include a history of prematurity, previous air-
way instrumentation, previous mechanical ventilation, 
nonpulmonary organ dysfunction, and a family history 
of respiratory disease. A detailed feeding history and up-
to-date growth chart may provide valuable information 
because growth failure may increase the need for oxygen. 
Usually, 1% to 2% of the total oxygen consumed is used 
for breathing. During respiratory illnesses, as much as 
50% of the total oxygen consumption may be used for 
breathing. Infants and children with respiratory failure 
often have intercostal and suprasternal retractions, signs 
that the work of breathing and oxygen consumption are 
increased. Patients grunt during expiration in an attempt 
to maintain FRC. Most infants and children have tachy-
pnea, which also helps maintain FRC by decreasing the 
time for exhalation. Less energy is required to breathe 
rapidly and shallowly than to take deep breaths. Infants 
with respiratory failure often have cyanotic lips, skin, and 
mucous membranes; however, it is often difficult to rec-
ognize skin color changes unless the PaO2 < 70 mm Hg.  
Symmetry of chest movement should be noted. Differ-
ences in movement may indicate pneumothorax or 
blockage of a bronchus. The small thoracic volume allows 
easy transmission of breath sounds from one side to the 
other. Breath sound may be normal, even when pneumo-
thorax is present. Abdominal distention can dramatically 
impede breathing in infants and young children.

MONITORING OF RESPIRATORY FUNCTION

An arterial blood gas is considered the gold standard to 
measure oxygenation as PaO2 is measured directly from 
blood. The percent oxygen saturation of hemoglobin can 
be measured directly or calculated from PaO2, pH, PacO2, 
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and temperature. Venous and capillary blood gases do not 
predict PaO2. Use of arterial lines has decreased in pediat-
ric ICUs over time. Pulse oximeters are ubiquitous. Pulse 
oximeters can provide continuous estimations of arterial 
oxygen saturations when the saturation is less than 97%; 
this is due to the shape of the oxygen dissociation curve. 
Pulse oximeters pass at least two wavelengths of light 
through the patient and the change in the absorbance 
of light is compared to an algorithm that produces the 
oxygen saturation. In the saturation range of 91% to 97%, 
pulse oximeters read higher than measured arterial satura-
tions by approximately 1%.253 However, in the saturation 
range of 76% to 90%, pulse oximeters read higher than 
measured arterial saturations by approximately 5% with 
wide confidence intervals.253 Pulse oximeters can also 
have poorer performance when there is decreased perfu-
sion to the extremity with the sensor. Lastly, most pulse 
oximeters have difficulty detecting abnormal forms of 
hemoglobin such as methemoglobin or carboxyhemoglo-
bin and will produce erroneous results in their presence.

Paco2 is used as a measure of the adequacy of ventila-
tion. Analysis of ABGs is the gold standard, although Paco2 
obtained from capillary or venous blood gases can also 
provide valuable information. CO2 values obtained from 
capnography or transcutaneous CO2 monitoring (TCOM) 
can provide continuous information in a manner simi-
lar to pulse oximeters. Capnographs produce a waveform 
displaying exhaled CO2 that can be either time-based or 
volumetric. Time-based capnography is much more com-
mon. Capnographs can either be an aspirating or non-
aspirating system. An aspirating system takes gas from 
the ventilator circuit to measure the CO2. A nonaspirating 
system has an exhalation chamber placed in line with the 
ventilator circuit. The system uses an infrared light source 
and detector that measures the exhaled CO2. There is a 
great amount of information that can come from capnog-
raphy including the end-tidal CO2 (ETCO2) value, respi-
ratory rate, dead space calculations, cardiac output, and 
detection of obstruction of the airways.

For time-based capnography, the plateau of the slope 
will always be lower than Paco2. Increases in ETCO2 must 
be investigated as they signal a change in ventilation. For 
individuals with healthy lungs, this ETCO2-to-Paco2 gra-
dient is usually 2 to 5 mm Hg. The gradient increases with 
increased dead space, abnormalities in the pulmonary 
vasculature, decreased cardiac output, and pulmonary 
over distension. ETCO2 from capnography can be used 
clinically to calculate the approximate alveolar dead space 
by the alveolar dead space fraction (AVDSf). AVDSf =  
(Paco2 – PetCO2) / Paco2. AVDSf is a reasonable indicator 
of alveolar dead space254 and, in a study by Ghuman and 
associates255 for pediatric patients with acute hypoxemic 
respiratory failure, is found to be independently associated 
with mortality. Other valuable information is available 
from the waveform produced by time-based capnography. 
As an example, a rising upslope to the exhalation phase 
can indicate obstructive airways disease. Time-based cap-
nography is more accurate with slower respiratory rates 
and when there is minimal leak around the ETT.

Volumetric capnography traces the CO2 concentra-
tion against the exhaled volume and is appearing as a 
feature on some ventilators. Free-standing monitors that 
provide the same measure are also available. Volumetric 
capnography provides direct information for dead space 
calculations. Clinically volumetric capnography is help-
ful in setting the optimal PEEP. In this way PEEP can be 
titrated to balance improved oxygenation through alve-
olar recruitment and decreased dead space by not caus-
ing over-distension. Volumetric capnography can also 
be used to demonstrate a response to bronchodilator 
therapy.

In circumstances such as high frequency ventilation, 
the use of TCOM provides a continuous measure of ven-
tilation. The TCOM module heats the skin underneath a 
small sensor. There is increased diffusion of CO2 across 
the skin as the capillary bed dilates from the heat. The dif-
fused CO2 is then measured. When the TCOM is first set 
up, it should be calibrated against a capillary or arterial 
blood gas. There can be drift of calibration over time but 
newer modules have improved stability.

Effort of breathing with or without a ventilator can be 
obtained by the objective measurement value of the pres-
sure-rate product (PRP). The pressure is measured with a 
balloon-tipped catheter placed into the distal one third 
of the esophagus and can be used as a surrogate for pleu-
ral pressure. The PRP is the change in esophageal pres-
sure (Pes) multiplied by the respiratory rate (RR). PRP = 
Pes × RR. The PRP has been used as an objective measure 
of effort of breathing in studies: before and after extu-
bation256 with PEEP and obstructed airways disease,257 
evaluating increasing inspiratory load,258 and evaluat-
ing effectiveness of high-flow nasal cannula.259 Some 
ventilators can measure esophageal pressure, or it can be 
obtained with separate devices. In addition to measur-
ing the PRP, the esophageal pressure is very important in 
measuring the pressure across the lungs or the transpul-
monary pressures. Many adult studies are appearing dem-
onstrating the benefits of titrating ventilator settings to 
trans-pulmonary pressure for patients with ARDS.260-262 
The transpulmonary pressure may have particular benefit 
in patients who are obese and require mechanical ven-
tilation for respiratory failure263 in which the decreased 
compliance of the chest wall might cause practitioners to 
limit ventilator pressures.

The phase of breathing or the synchrony between 
movement of the abdomen and the chest wall can be 
measured with respiratory inductance plethysmography 
(RIP). This noninvasive measure uses elastic bands placed 
around the abdomen and chest. Movement of the abdo-
men and chest changes the inductance of a small wire in 
the bands. Movement of the abdomen relative to the chest 
can be presented graphically or measured as the phase 
angle. When there is obstruction to breathing, such as 
with upper airway obstruction, there is a lag in the move-
ment of the abdomen and chest wall that is identified as 
an increasing phase angle. The phase angle obtained by 
RIP is an objective measure of the degree of upper airway 
obstruction258,264 and can be used to evaluate the effective-
ness of therapy.265,266 This is a valuable tool for research in 
the area of causes and treatment of upper airway obstruc-
tion as there is increasing interobserver variability in the 
clinician’s assessment of this process.267 RIP can be mea-
sured easily with free-standing devices, and it may have a 
more prominent role in future pediatric studies.



Much information on the respiratory effort of patients 
receiving mechanical ventilation can be obtained from 
respiratory spirometry. Spirometry can display flow-vol-
ume loops, pressure-volume loops, in addition to graphs 
of flow-time, pressure-time, and volume-time. The charac-
teristic shape of some respiratory flow-volume loops can 
help with the diagnosis of various respiratory diseases. 
There is a classic scooped out appearance to the exhala-
tion portion of a flow-volume curve with obstructive lung 
disease. The pressure-volume loops obtained on the ven-
tilator can be used to increase PEEP to keep lung tissue 
recruited above an area of potential atelectasis. This can be 
seen graphically as a lower inflection point on the inspi-
ratory curve. This is where the curve moves from a flat 
area to an area of maximal compliance where there is the 
greatest change in volume for a given change in pressure. 
There is also an upper inflection point on pressure volume 
loops where over-distension of the lungs can be identi-
fied if the inspiratory pressure or volume is too great. The 
pressure-volume curve with over-distension looks like a 
bird’s beak and ventilator settings should be reduced.

Radiologic evaluation of the nasopharynx, neck, and 
thorax can provide meaningful information regarding the 
cause and severity of the respiratory dysfunction. Fluoros-
copy can be used to evaluate the airways and movement of 
the diaphragm in an uncooperative child. Analysis of ABGs 
is used to determine the effectiveness of gas exchange. PaO2 
measurements allow calculation of the alveolar/arterial 
oxygen gradient and right-to-left shunting of blood across 
the lung. Elimination of CO2 from arterial blood is another 
indicator of lung function. Failure to remove CO2 from pul-
monary arterial blood indicates maldistribution of blood 
flow in the lungs; specifically, there is increased dead space.
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Umbilical artery cannulation is common in neonates, so 
those caring for such children can obtain arterial blood and 
continuously measure arterial blood pressure. These cath-
eters are relatively simple to insert and reasonably easy to 
maintain.268 The tip of the catheter ideally should be at or 
just above the level of the aortic bifurcation and below the 
level of the renal arteries (L2). Once the child’s condition is 
stable, a peripheral artery catheter should be inserted and the 
umbilical artery catheter should be removed. All intraarterial 
catheters have the potential to cause distal thromboembolic 
disease. Care must be taken to flush arterial catheters gently 
to prevent cerebral or cardiac emboli. With proper insertion 
and maintenance, serious complications of arterial lines are 
rare. Although arteries that are cannulated for a long time 
may occlude, they recanalize within a short period.

NEONATAL RESPIRATORY FAILURE

The cause of respiratory failure depends to some degree on 
the age of the patient (see also Chapter 103). Newborn respi-
ratory failure is often the result of congenital anomalies and 
immaturity of the lungs and their blood vessels. Congenital 
anomalies can include airway malformations, dysgenesis 
or malfunction of the lung or nonpulmonary organs, and 
abnormalities of the pulmonary vessels. Lesions of imma-
turity include apnea of prematurity, hyaline membrane 
disease, and abnormalities of surfactant production and 
secretion. During the perinatal period, neonates are subject 
to infections and stress. Persistent pulmonary hypertension 
can complicate neonatal pulmonary and nonpulmonary 
problems. These and other important causes of respiratory 
failure in the newborn are listed in (Table 95-5). A wide vari-
ety of disorders cause respiratory failure in older children 
TABLE 95-5 CAUSE OF NEONATAL RESPIRATORY DISTRESS

Location Congenital Abnormalities Developmental Immaturity Specific Neonatal Stress

Impaired control of 
ventilation

Central nervous system dysgenesis
Ondine’s curse

Apnea of prematurity
Intracranial hemorrhage

Drug intoxication (note maternal drugs)
Sepsis
Central nervous system infection
Seizures

Neuromuscular 
disorders

Congenital myopathies High cervical cord injuries

Structural 
impairment

Thoracic deformities
Lung hypoplasia
Diaphragmatic hernia
Potter syndrome
Abdominal malfunction
Gastroschisis
Omphalocele

Severe abdominal distention
Pneumothorax or other leak

Airway obstruction Choanal atresia Massive meconium aspiration
Upper airway Pierre Robin syndrome

Laryngeal web/cleft
Congenital tracheal/laryngeal 

stenosis
Recurrent laryngeal palsy
Hemangioma
Lymphangioma

Vocal cord paralysis is secondary to 
myelodysplasia

Lower airway Tracheoesophageal fistula
Lobar emphysema

Meconium/blood aspiration

Alveolar disorders Respiratory distress 
syndrome

Bronchopulmonary dysplasia
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(Box 95-2). Regardless of the specific cause, respiratory fail-
ure can be categorized as hypoventilation syndromes in
patients with normal lungs, intrinsic alveolar and intersti-
tial disease, and obstructive airway disease.

Hypoventilation Syndromes in Children 
with Normal Lungs
Causes of hypoventilation include neuromuscular dis-
ease, central hypoventilation, and structural or ana-
tomic impairment of lung expansion (e.g., upper airway
obstruction, massive abdominal distention). These clini-
cal conditions are characterized by inadequate lung
expansion, secondary atelectasis, intrapulmonary right-
to-left shunting, and systemic hypoxia. Atelectasis and
the secondary reduction in FRC increase the work of
breathing. The child’s response to the increased work
of breathing and lower lung volumes is to breathe faster
with a smaller tidal volume. This pattern of breathing
eventually increases the amount of atelectasis and shunt-
ing. As a result, children with intrinsically normal lungs
and hypoventilation syndromes exhibit tachypnea, small
tidal volumes, increased work of breathing, and cyanosis.
Chest radiographs reveal small lung volumes and mili-
ary or lobar atelectasis. Positive-pressure ventilation and
PEEP quickly reverse the pathologic processes.

Primary Pulmonary Alveolar or  
Interstitial Disorders
Intrinsic lung disease involving the alveoli or pulmonary
interstitium decreases lung compliance and increases
airway closure, both of which cause atelectasis and
increase the work of breathing. Edema or inflammation
of the alveoli or fibrosis of the interstitium decreases lung
compliance. The stiffer lung requires a greater negative 
intrapleural pressure for air movement, thereby increas-
ing the work of breathing and the risk for pneumothorax.

Obstructive Airway Disease
Airway obstruction can be extrinsic or intrinsic. Intrinsic 
small airway obstruction commonly occurs with bronchiol-
itis, bronchopneumonia, asthma, and bronchopulmonary 
dysplasia (BPD). Airway obstruction decreases conductance 
and increases airway resistance and the work of breathing. 
Partial obstruction impedes expiration more than inspi-
ration and causes gas trapping or regional emphysema. 
Complete airway obstruction results in atelectasis and 
right-to-left shunting of blood within the lung. Patients 
with disease of the small airways usually have a mixture 
of total and partial airway obstruction and inhomoge-
neous collapse and overdistention of the lung. The areas 
of collapse cause intrapulmonary right-to-left shunting of 
blood, and the overdistended areas increase the amount 
of dead space. If the entire lung is overdistended, compli-
ance is decreased and the work of breathing is increased. 
The clinical and radiographic picture varies with the dif-
ferent degrees of collapse and overdistention of the lung. 
In summary, all causes of respiratory failure share similar 
pathophysiology: atelectasis and decreased FRC with intra-
pulmonary right-to-left shunting of blood or alveolar over-
distention with increased dead space and decreased CO2 
elimination, or both. The increased work of breathing asso-
ciated with all forms of respiratory dysfunction can cause 
fatigue and a breathing pattern that further complicates 
the initial process. It may also lead to apnea, hypoxia, and 
cardiac arrest in young children if the increased work of 
breathing is not quickly detected and treated.
 1.  Impaired control of ventilation
 •  Head trauma
 •  Intracranial hemorrhage
 •  Increase intracranial pressure secondary to tumor, edema, 

hydrocephalus, Reye syndrome
 •  Central nervous system infections
 •  Drug intoxication
 •  Status epilepticus
 2.  Neuromuscular disorders
 •  High cervical cord injury
 •  Poliomyelitis
 •  Guillain-Barré syndrome
 •  Neurodegenerative disease (e.g., Werdnig-Hoffman 

syndrome)
 •  Muscular dystrophies and myopathies
 •  Myasthenia gravis
 •  Botulism
 •  Tetanus
 •  Phrenic nerve injury
 3.  Structural impairment
 •  Severe kyphoscoliosis
 •  Flail chest
 •  Large intrathoracic tumor
 •  Pneumothorax or pneumomediastinum
 •  Large pleural effusion, hemothorax, empyema
 •  Severe abdominal distention
 •  Severe obesity (pickwickian syndrome)

 4.  Airway obstruction
 •  Upper airway
 •  Congenital anomalies
 •  Tumor, intrinsic or extrinsic
 •  Epiglottitis
 •  Croup (laryngotracheobronchitis)
 •  Foreign body
 •  Postintubation edema, granulation tissue, or scarring
 •  Vocal cord paralysis
 •  Burns
 •  Vascular ring
 •  Lower airway
 •  Asthma
 •  Bronchiolitis
 •  Foreign body
 •  Lobar emphysema
 •  Cystic fibrosis
 5.  Alveolar disorders, pneumonia
 •  Infectious: bacteria, virus, fungus, Pneumocystis species
 •  Chemical: aspiration, hydrocarbon, smoke inhalation
 •  Pulmonary edema: cardiogenic, near-drowning, capillary leak 

syndrome
 6.  Massive atelectasis
 7.  Oxygen toxicity
 8.  Pulmonary confusion
 9.  Pulmonary hemorrhage

BOX 95-2 Causes of Respiratory Failure in Children



level of the vocal cords, the ETT is usually in the correct 
RESPIRATORY CARE

The fraction of inspired oxygen (Fio2) can be increased by 
a number of means including nasal cannula or mask. The 
Fio2 can be increased up to approximately 40% with nasal 
cannula oxygen at 5 L/min; however, this rapid rate of 
flow can become uncomfortable. As room air is entrained 
around the cannula during inspiration, the Fio2 cannot be 
increased further with nasal cannula. It should be noted 
that the size of the patient correlates with the inspiratory 
volume with each breath. The larger the patient, the larger 
the inspiratory volume is relative to flow from the can-
nula and the larger volume of room air that is entrained. 
In turn, the smaller a patient the less room air is entrained 
and there may be a greater impact on Fio2.

The Fio2 can be increased further with a properly fitted 
facemask. The open holes of a Venturi or simple facemask 
allow for greater entrainment of room air as compared 
to a nonrebreather facemask that has no holes. An Fio2 
approaching 1 can be obtained with a nonrebreather 
facemask with an oxygen reservoir and one-way valve. 
Patients with respiratory distress while on the pediatric 
ward may temporarily require a nonrebreather facemask 
at high flows. If there is no significant improvement to 
immediate interventions, arrangements should be made 
to transfer the patient to the PICU. Nonrebreathing face-
mask systems can be humidified for comfort, but they do 
not provide any positive pressure to the airways.

High-flow humidified nasal cannula (HFHNC) oxygen 
can provide a higher FiO2, and it is more readily tolerated 
than standard nasal cannula. The gas in HFHNC is heated 
to body temperature and nearly completely humidified 
with water vapor. HFHNC can be delivered with flow 
rates in pediatric patients up to 10 L/min. It was shown by 
Rubin and associates259 that higher flow rates with HFHNC 
decreased the effort of breathing in critically ill children; 
this has been used frequently to support patients with 
bronchiolitis.269,270 It is unclear whether the significant 
benefits of HFHNC come from washing out CO2 from the 
airways or from the generation of positive pressure. The 
potential for complications exists with higher gas flow 
rates. Air leak syndrome was reported in three patients by 
Hegde and associates.271 As the use of HFHNC increases, 
other problems may be identified. Given that the amount 
of Fio2 delivered approaches 1.0, use of HFHNC is typi-
cally restricted to an emergency department or ICU set-
ting. The high degree of respiratory support provided can 
mask a significant degree of respiratory distress.

Noninvasive ventilation can be supplied with continu-
ous positive airway pressure (CPAP) or bilevel positive 
airway pressure (BiPAP). This is typically delivered with 
a tight fitting nasal or face mask, which allows for the 
development of positive airway pressure. Most modern 
ventilators can be set to deliver this therapy, but spe-
cific free-standing BiPAP machines are more often used. 
BiPAP therapy is best for short-term use and in patients 
with the ability to cough and protect their airway. It is 
not an absolute that the patient initiates every breath, 
because a back-up rate can be set. However, if the patient 
is completely reliant on the rate set on the machine, intu-
bation should be considered. Other indications for con-
version from BiPAP to endotracheal intubation include 
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pressure-related tissue breakdown on the face from con-
stantly wearing the mask, the need to initiate enteral 
feedings as patients are typically nil per os (nothing by 
mouth) status while receiving BiPAP, and increasing pres-
sure settings on the BiPAP machine.

CPAP reduces the patient’s work of breathing by provid-
ing airway pressure, reducing atelectasis, decreasing dead 
space, and improving the balance of ventilation to perfu-
sion. An initial CPAP pressure is typically 4 to 6 mm Hg  
and is then increased as needed and as the patient 
tolerates the therapy. Given that the feeling of posi-
tive airway pressure is a bit foreign, starting with 
lower pressures and increasing them gradually gives 
the patient a chance to adapt. The authors typically 
start CPAP therapy for several minutes even if the 
patient will ultimately receive BiPAP. For BiPAP the 
expiratory pressure is also initially at 4 to 6 mm Hg,  
and the inspiratory pressure is set at 4 to 6 mm Hg 
above that. The inspiratory and expiratory pressures are 
adjusted as well as the rise time to inspiratory flow. All 
these changes can help the patients tolerate therapy. 
With the tight seal, an Fio2 of 1.0 can be delivered. Use 
of the full facemask can put patients at risk for aspiration 
if they vomit. BiPAP therapy is being used in status asth-
maticus,272,273 and it may provide a more effective means 
of delivering aerosolized medication. The use of BiPAP 
therapy for this indication could increase over time, as 
it is being recommended in current guidelines.274,275 
BiPAP can also be used as an ongoing therapy for chronic 
respiratory failure, such as for central hypoventilation 
or restrictive lung disease. These patients may be able to 
receive their therapy at home and are typically followed 
by the hospital’s pulmonary service.

The size of ETT required should be selected carefully. 
One formula that estimates the appropriately sized tube 
for children older than 2 years is (Age + 16) / 4. This for-
mula provides the internal diameter of the appropriately 
sized ETT. The correct size should have a slight air leak 
when a positive pressure of 20 to 30 cm H2O is applied. 
Serious lifelong laryngeal and subglottic damage can 
result from using inappropriately large ETTs, particularly 
in children with inflammatory lesions of the upper air-
way such as laryngotracheobronchitis. Because of the 
more flexible tracheal cartilage and the relative subglottic 
narrowing of children, uncuffed ETTs generally provide 
an adequate seal in those younger than 5 years. However, 
if the patient has lung disease that requires high venti-
lation pressure, a cuffed tube is more appropriate. Small 
cuffed ETTs are frequently used in the ICU in younger 
patients,252 but a small leak of air at 25 to 30 cm H2O 
should be present. Cuffed tubes will usually eliminate the 
air leak around an ETT, but overinflation of the cuff may 
occlude venous flow and injure the airway. The long-
term safety of using cuffed ETTs in young children is not 
known.

With endotracheal intubation, the position of the ETT 
should be correct so chest movements are symmetric, and 
breath sounds should be equal when auscultated in the 
axillae. An electronic or colorimetric CO2 detection sys-
tem helps confirm whether the ETT is in the trachea or 
the esophagus.276 If the double lines on the ETT are at the 
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position. Another way to position the ETT correctly is to 
advance it into the right mainstem bronchus and listen 
for breath sounds in the left axilla. Breath sounds will 
be diminished. Withdraw the ETT slowly. When breath 
sounds are heard on the left, pull the tube out an addi-
tional 1 to 2 cm, depending on the size of the child. 
When the breath sounds are equal, fix the tube in place. 
The tip of the ETT should be midway between the vocal 
cords and the carina on the chest radiograph. In small 
infants, the distance between the carina and the vocal 
cords is very short. Consequently, it is easy to place the 
ETT inadvertently in a mainstem bronchus. Flexion of the 
head moves the ETT into the airway. Extension moves it 
toward the vocal cords. Turning the head to the side can 
obstruct the tip of the ETT if it contacts the tracheal wall, 
which can cause CO2 retention or hypoxemia, or both. A 
child’s trachea can be intubated for more than 2 weeks 
before performing a tracheostomy. This is possible with 
proper humidification of the inspired gases, improved 
endotracheal suctioning and monitoring (Sao2), and 
excellent nursing care. Everyone caring for the child must 
be constantly alert to the possibility that the ETT will 
become obstructed by secretions or that accidental extu-
bation or mainstem bronchus intubation will occur. In 
neonates, ETTs with a “Murphy” eye become obstructed 
more often with secretions than those without a Murphy 
eye do. The Murphy eye is near the end of the ETT. Once 
the ETT enters the mainstem bronchus, it is impossible 
for the infant to breathe effectively through the “eye.” 
Because the ETT is almost the same size as the trachea, it 
is nearly impossible for the infant to breath around the 
tube. Thus, ETTs with Murphy eyes are dangerous and 
probably should not be used in young infants. Tracheos-
tomy is indicated when children require a long-term arti-
ficial airway for mechanical ventilation, for endotracheal 
suctioning, or to bypass an upper airway obstruction. 
Accidental dislodgement of the tracheostomy tube before 
the tract is well healed can be life threatening. Reinser-
tion of a tracheostomy tube during the first 72 hours 
after insertion can be extremely difficult and can create 
false passages that can make it impossible to ventilate the 
lungs or can cause pneumothorax.

Intubation and mechanical ventilation can provide 
significant elevations in airway pressure as compared to 
noninvasive ventilation and an Fio2 of 1.0. There can be 
regional variation to the mode of mechanical ventilation 
chosen, but there is likely a greater use of pressure-con-
trolled ventilation rather than volume-controlled ven-
tilation in PICUs. With pressure-controlled ventilation, 
pressure is set and the tidal volume can change as the 
pulmonary compliance changes. With volume-controlled 
ventilation, tidal volume is set and the pressure needed 
to deliver that may change as the pulmonary compli-
ance changes. These are likely the two main modes of 
mechanical ventilation in pediatric ICUs. For the major-
ity of intubated children who have reasonable pulmonary 
compliance, there are little differences between the two 
modes. One potential advantage of pressure-controlled 
ventilation for patients who are sicker with poorer pulmo-
nary compliance is that most ventilators in this mode use 
a decelerating inspiratory flow pattern. As a result, the flow 
of gas is greatest early in inspiration and then decelerates 
to zero flow when the peak pressure is achieved. This can 
result in the delivery of a larger tidal volume for a lower 
peak pressure as compared with the same pressure that 
might be required in a tidal volume mode.

There are additional modes available on modern venti-
lators that may have benefit for patients with lung injury. 
The names of the modes will differ between the ventilator 
manufacturers. Many will have a mode where a desired 
tidal volume is guaranteed and the lowest pressure nec-
essary to achieve that is used. The terms to define this 
are pressure-regulated volume control and volume guarantee. 
These modes can reduce the pressure used, but they work 
best when the patient is well sedated and not competing 
with the ventilator.

Airway pressure-release ventilation (APRV) is a newer 
mode of mechanical ventilation that is used at a limited 
number of centers. There are few published pediatric 
studies using this mode,277-279 and its benefits and limi-
tations continue to be explored. Neurally adjusted ven-
tilatory assist (NAVA) is a newer method of triggering 
ventilator synchrony available on the Servo-i ventilators 
by Maquet (Rastatt, Germany). This method uses a small 
esophageal probe that can sense the electrical activity of 
the diaphragm and use that activity to synchronize the 
ventilator. The potential benefits of improved triggering 
such as improved comfort, lower ventilator settings, and 
increased minute ventilation have been shown in some 
studies.280,281 APRV is essentially CPAP with brief, inter-
mittent release coupled with spontaneous ventilation. 
The high CPAP level (Phigh) maintains alveolar recruit-
ment and aids in oxygenation over a period of time (Thigh), 
and the timed release to a low pressure (Plow) minimizes 
resistance to expiratory flow and carbon dioxide removal. 
In addition, the patient is able to breathe spontaneously 
during all phases, Phigh and Plow, potentially allowing for 
improved pulmonary mechanics and gas exchange. APRV 
differs from other modes of ventilation because it relies 
on an intermittent decrease in airway pressure, instead of 
an increase in airway pressure to maintain an open lung 
strategy for ventilation. Therefore, the release time (Tlow) 
should be set long enough to allow for an adequate tidal 
volume (6-8 mL/kg), but short enough to avoid alveolar 
collapse and atelectrauma. In summary, the operator-
controlled parameters in APRV are Phigh, Thigh, Plow, Tlow, 
and Fio2. Recommendations for implementing APRV are 
limited in pediatrics, and thus extrapolated from adult 
recommendations.282 Plow is initially set at zero. Phigh can 
be set by several methods, such as plateau pressures or 
75% of peak inspiratory pressure; however, when transi-
tioning from conventional modes of ventilation Phigh is 
often determined by mPAW pressure formula where the 
mPAW is set 2 to 3 cm H2O above conventional mPAW: 
(Phigh × Thigh) + (Plow × Tlow) / (Thigh + Tlow). To determine 
Thigh and Tlow, first determine the total cycle time accord-
ing to a normal respiratory rate range for the patient’s age; 
that is, a respiratory rate of 20 yields a total cycle time of 3 
seconds. Thigh will be the total cycle time minus a Tlow of 
0.2 to 0.6 seconds, initially starting at 0.4 seconds; that is, 
total cycle time of 3 seconds yields a Thigh of 2.6 seconds  
and Tlow of 0.4 seconds; or, Number of cycles (respira-
tory rate) = 60 seconds / (Thigh + Tlow). Transitioning to 
APRV, like transitioning to high-frequency oscillating 



ventilator (HFOV), will take time for optimal lung recruit-
ment. After several hours if the patient continues to have 
severe hypoxemia, Thigh can be increased to aid in oxy-
genation. Once established, Plow and Tlow usually do not 
require additional changes; however, as lung compliance 
improves Phigh and Thigh, can be decreased and increased, 
respectively, to wean a patient toward a target of a con-
tinual CPAP of 5 to 6 cm H2O in preparation for extuba-
tion of the trachea. APRV may be advantageous to other 
modes of advanced mechanical ventilation because of the 
patient’s ability to breathe spontaneously throughout the 
entire ventilatory cycle, improving respiratory mechan-
ics and reducing the need for sedation and neuromuscu-
lar blockade. However, some authors are concerned that 
there may be a more frequent incidence of cyclic alveolar 
collapse during airway release leading to a greater degree 
of atelectrauma, as compared with HFOV.279,283

High-frequency ventilation describes a type of mechani-
cal ventilation in which the respiratory rate of the venti-
lator is much greater than a normal physiologic rate. By 
maintaining the same minute ventilation, these ventila-
tion modes produce low tidal volumes. There are several 
different types with the most commonly used in pediatrics 
being the HFOV. Use of the HFOV was first described by 
Lunkenheimer in 1972.284 This type of ventilator houses 
a piston that is attached to semirigid connecting tubing 
that attaches to the ETT. This circuit can be pressurized to 
a set mean airway pressure. The piston then oscillates up to 
840 times per minute, creating small positive and negative 
respiratory cycles. The mean airway pressure is higher as 
compared with conventional ventilation, and this prevents 
atelectasis and shear forces from opening and closing alveoli 
with each respiratory cycle. The Fio2 is set as in a conven-
tional ventilator. The frequency of oscillation of the piston 
is adjusted to remove carbon dioxide and can vary between 
6 and 14 Hertz. (Hertz [Hz] is 1 cycle/second, 6 Hz equals 
360 cycles or breaths per minute.) The amplitude of the 
ventilator is the distance the piston moves with each excur-
sion and by these excursions small breaths are propelled 
down the tubing. Several proposed mechanisms for the 
method of gas transport during HFOV have been proposed, 
but none have been proven definitively. Tidal volumes are 
dependent on the patient’s compliance, ETT size, device 
frequency, and device amplitude. Tidal volume is inversely 
related to cyclic frequency: VCO2 = Frequency × VT2. When 
transitioning from conventional modes of ventilation to 
HFOV, the initial power setting (referred to as delta P, power, 
or amplitude) is adjusted to visible chest “wiggle” from the 
clavicles to the abdomen or pelvis. The mean airway pres-
sure (mPAW) is initially set approximately 5 cm H2O greater 
than the last mPAW on conventional ventilation just prior 
to the initiation of HFOV. Traditionally, tidal volumes in 
HFOV are considered to be just above functional residual 
capacity (FRC); however, it is difficult to measure actual 
tidal volumes and provide precise “optimal” lung volumes 
strategy. Clinically, mean airway pressure (mPAW) is titrated 
upward by 1 to 2 cm H2O until oxygenation improves and 
inspired oxygen concentrations can be weaned to less toxic 
levels of below 0.60. While titrating mPAW, overdistention 
is assessed with chest radiographs; overdistention or hyper-
inflation are determined by more than nine posterior ribs 
or flattened hemi-diaphragms on chest radiographs. Initial 
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frequency settings, measured in hertz, can be found in 
(Table 95-6). HFOV is the only mode of ventilation with 
active expiration. If hypercarbia leads to profound respira-
tory acidosis and patient instability, despite allowances for 
permissible hypercapnia, then minute ventilation can be 
improved by several means during HFOV. First, the patient 
should be suctioned. One of the drawbacks of HFOV is the 
lack of spontaneous ventilation and adequate airway clear-
ance; therefore, inline suction (without breaking into the 
circuit causing derecruitment) should be used to ensure 
adequate airway, ETT patency, and lung recruitment. 
Second, ΔP/amplitude should be increased to maximize 
lung recruitment and increase minute ventilation. Third, 
frequency (Hz) can be slowly decreased to enhance lung 
recruitment and increase minute ventilation. Finally, the 
ETT cuff should be deflated to allow additional escape of 
CO2 around the ETT. Disadvantages of HFOV include no 
partial ventilatory support leading to increased require-
ments for sedation and paralysis, cardiopulmonary interac-
tions owing to higher mPAW and decreased venous return, 
and loss of alveolar recruitment if the circuit is detached for 
suctioning of manual ventilation.

HFOV is being used in pediatrics as a rescue therapy 
for acute lung injury (ALI) or ARDS. A 1994 publication 
by Arnold and associates285 is the only multicenter ran-
domized trial of HFOV. This study showed lower use of 
oxygen supplementation in the HFOV group at 30 days. 
There have been other pediatric studies showing positive 
benefit of HFOV, such as a single-center retrospective 
study by Babbitt and colleagues.286 The conclusion that 
could be drawn by many studies with HFOV in pediatrics 
is that for disease processes with significant mortality, 
rescue therapy with HFOV may be appropriate and may 
show improved outcomes. In some of the most critically 
ill patients with a very high mortality, such as immuno-
compromised children with ARDS, the use of HFOV has 
been as a diagnostic criteria to identify survivors from 
nonsurvivors.279 A Cochrane review by Sud and asso-
ciates287 in adult patients with ARDS summarized the 
effectiveness of therapy: “The findings of this systematic 
review suggest that HFO was a promising treatment for 
ALI and ARDS prior to the uptake of current lung pro-
tective ventilation strategies.” The recently published 
results of the adult OSCILLATE trial288 (The Oscillation 
of ARDS Treated Early Trial) could further limit the use 
of HFOV. This multicenter randomized controlled trial 
was stopped early after 548 patients were enrolled. The 
in-hospital mortality was 47% in the group receiving 
HFOV versus 35% in the patients receiving conventional 
ventilation. It is unclear whether these findings can be 

TABLE 95-6 INITIAL FREQUENCY SETTINGS IN 
HIGH-FREQUENCY OSCILLATORY VENTILATION

Patient Weight (kg) Initial Frequency Setting (Hz)

<2 15
2-15 10
16-20 8
21-30 7
31-50 6
>50 5
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translated to pediatric patients. The disease processes 
and the condition of pediatric patients can be extremely 
different as compared with adults. However, with these 
findings it is unclear whether the motivation is present 
to perform a multicenter HFOV trial in pediatrics. There 
may continue to be other indications for HFOV in pedi-
atrics, such as air leak syndrome or congenital diaphrag-
matic hernia.

High-frequency percussive ventilation (HFPV) pneu-
matically stacks subtidal volume breaths at a set rapid rate 
superimposed upon conventional cyclic rates. HFPV as a 
mode of ventilation allows for a progressive stepwise infla-
tion of the lung to a set peak pressure while allowing for 
passive exhalation to a preset lower pressure. HFPV has 
been well described in the inhalational injury population 
for its ability to safely oxygenate and ventilate with contin-
uous, pneumatically powered, high-frequency percussions 
to facilitate clearance of airway debris.289-292 These proper-
ties may be particularly useful in pediatric patients with 
acute respiratory failure, by improving oxygenation and 
ventilation while maintaining lung protective strategies.293

ACUTE LUNG INJURY AND ACUTE 
RESPIRATORY DISTRESS SYNDROME

The 1994 American-European Consensus Conference294 
established clinical criteria to diagnose ARDS. The criteria 
were widely used in research studies to assure consistent 
severity of illness and then to study the effect of various 
interventions. ARDS diagnostic criteria have been revised 
recently and are known as the Berlin Definition.295,296 By 
this definition, ARDS is separated into three mutually 
exclusive categories based on the degree of hypoxia. Mild 
is Pao2/Fio2 = 201 to 300, with PEEP > 5; moderate is Pao2/
Fio2 = 100 to 200, with PEEP > 5; and severe is Pao2/Fio2 < 
100, with PEEP > 10. The Berlin Definition resulted from 
consensus opinion and from evaluation of criteria perfor-
mance using two large datasets. Additional components 
of the criteria include the timing of onset, bilateral opaci-
ties on chest radiograph, and respiratory failure not fully 
explained by cardiac failure. Performance of the Berlin 
Definition in pediatrics has been evaluated by De Luca 
and colleagues297 with validity similar to that presented 
in adults. As pointed out by Khemani and associates298 in 
the accompanying editorial, the new definition was reap-
plied to patients already classified by the older American-
European Consensus Conference definition. The editorial 
also describes several areas in which research in pediat-
ric ARDS, such as the decreased use of arterial catheters, 
will differ from adults. Specific diagnostic criteria that 
address the unique aspects of pediatric ARDS are needed 
for future research.

Clinical features of lung injury can vary from mild, 
self-limiting dyspnea to rapidly progressive and fatal 
respiratory failure. The clinical course of ALI can be gen-
eralized in four phases (Box 95-3); however, not every 
patient passes through all these phases, and the condi-
tion may resolve at any stage. Extensive research contin-
ues to try to develop predictive biomarkers and genomic 
arrays for severity and resolution of lung injury; however, 
to date there are no useful clinical biomarkers or genomic 
readouts for prediction or goal directed therapy.
PRINCIPLES OF LUNG PROTECTIVE 
STRATEGIES: LIMITING VENTILATOR 
ASSOCIATED LUNG INJURY

As lung injury progresses, in response to pulmonary or 
extrapulmonary injury, the lungs can be divided into 
three hypothetical regions (Fig. 95-4):

 1.  Areas with severe collapse and alveolar flooding 
(dependent areas)

 2.  Recruitable areas with alveolar atelectasis (intermediate  
areas)

 3.  Normal lung (nondependent areas)
  

The goal of mechanical ventilation is to recruit inter-
mediate areas allowing improved gas exchange, spare nor-
mal areas of lung from ventilator-associated lung injury, 
while giving dependent collapsed regions of lung with 
alveolar flooding time to recover from the primary process 
(i.e., pneumonia, sepsis). Lung recruitment of interme-
diate areas and prevention of ventilator-associated lung 
injury is accomplished by using PEEP and limiting tidal 
volume and plateau pressures. This potentially compli-
cated task can be simplified by first looking at Figure 95-5  
and conceptualizing a theoretical pressure-volume curve 
of the lung. As alveolar airway pressure increases, there is 
an opening pressure (Pflex) required to overcome airway 
resistance and alveolar compliance (Compliance = ΔV 
/ ΔP). Pressures below Pflex will lead to alveolar collapse, 
termed atelectasis. If airway pressure cycles above and 
below Pflex, alveoli will continually open and collapse, 
leading to wall shear stress and eventual damage, or atelec-
trauma. Following the hysteresis curve to the upper extent 
of the inspiratory limb, as pressure increases, there comes 
a point, termed Pmax, whereby the alveoli start to become 

“Normal” lung
• Nondependent areas

Severe collapse and
alveolar flooding

• Dependant areas

Alveoli capable of
recruitment

• Intermediate areas

Figure 95-4. For the purposes of lung protective ventilator strate-
gies, the lung can be divided into three hypothetical areas.

 1.  Dyspnea and tachypnea with no other abnormalities on  
chest radiographs

 2.  Hypoxemia with normal or subnormal Paco2 with possible 
minor consolidation or effusions on chest radiographs within 
the last 24-48 hours

 3.  Diagnostic criteria of acute lung injury established—severe 
arterial hypoxemia, decreased pulmonary compliance with 
characteristic bilateral diffuse infiltrates on chest radiographs

 4.  Massive bilateral consolidation with unremitting hypoxemia; 
increased deadspace ventilation; rising Paco2; often terminal

BOX 95-3 Four Phases in the Clinical 
Development of Lung Injury



overdistended. Above Pmax, shear stress again leads to 
alveolar damage, this time termed volutrauma. Therefore, 
in theory, we attempt to keep tidal volumes on the most 
compliant part of the volume-pressure curve, above Pflex 
and below Pmax, leading to the idea called open-lung venti-
lation. Triggered by the ARDSNet initial study, the use of 
low tidal volumes (6 to 8 mL/kg) with the addition of PEEP 
(open-lung strategy) can reduce morbidity and mortality 
in patients with ARDS (Fig. 95-6).299 However, as lung 
injury to the normal and intermediate areas of the lungs 
progresses the volume-pressure curve moves to the right 
as the compliance of the lungs decreases, leaving a smaller 
therapeutic window requiring an increase in PEEP, result-
ing in higher mean airway pressure to maintain recruit-
ment of areas of normal and recruitable lung (Fig. 95-7).

Lung protective strategy attempts to decrease ventila-
tor associated lung injury by inhibiting volutrauma, baro-
trauma, atelectrauma, oxygen toxicity, and biotrauma 
(Fig. 95-8). Despite using usual control groups in the ARD-
SNet original study, using a low tidal volume approach of 
6 to 8 mL/kg has become a standard of care. The advan-
tages of PEEP as a distending pressure include increase 
in functional residual capacity, improvement of respira-
tory compliance, improvement of ventilation/perfusion  
mismatch, redistribution of lung water/edema. PEEP 
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Figure 95-6. Lung protective ventilation strategy. PEEP, Positive end-
expiratory pressure.
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Figure 95-5. Volume pressure curve.
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ultimately improves arterial oxygenation. The use of low 
tidal volumes has been consistent across multiple recent 
trials, but the selection of PEEP in these trials has been 
highly variable. Animal models have shown that setting 
PEEP just above Pflex minimizes lung injury and inflam-
mation.300 It can be difficult to determine the critical 
opening pressure of alveoli clinically. Therefore, most 
clinicians initially use a minimal distension strategy by 
setting PEEP between 5 and 9 cm H2O, as lung injury pro-
gresses and hypoxemia worsens, PEEP may be increased 
to increase mean plateau pressures and aid in recruitment. 
These strategies generally recommend keeping mean pla-
teau pressure less than 30 to 35 cm H2O. These strate-
gies have yet to show a decrease in mortality, but have 
shown improvement in secondary outcomes.301 More 
precise methods of determining optimal PEEP in patients 
with ARDS, include titration using dynamic compliance 
or static pressure-volume loops to identifying the criti-
cal opening pressure. Other methods to determine opti-
mal PEEP in a patient with ARDS include titration with 
dynamic compliance or static pressure-volume curve. It is 
important to remember that as PEEP is increased and lung 
is recruited, intrathoracic pressure is also increased and 
may inhibit cardiac output by reducing venous return. 
Therefore, despite an improvement in oxygenation, oxy-
gen delivery to vital organs may be compromised.

Atelectotrauma

Ventilator Associated Lung Injury (VALI) lung
protective ventilation strategy

Biotrauma

Oxygen toxicity

Barotrauma

Volutrauma

VALI

Figure 95-8. Tenets of ventilator associated lung injury.
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Figure 95-7. Lung protective ventilation with worsening lung  
compliance. PEEP, Positive end-expiratory pressure.
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PLATEAU AIRWAY PRESSURES

Sustained plateau airway pressures greater than 35 cm 
H2O can lead to barotrauma: pneumothorax, pneumome-
diastinum, and subcutaneous emphysema. In an attempt 
to limit barotrauma, Paco2 is allowed to increase in the 
face of inadequate minute ventilation. This permissible 
hypercapnia can be used as long as the patient tolerates 
the acidosis and is able to buffer with the renal retention 
of HCO3 and there are no contraindications from coexist-
ing disease.

PARTIAL VENTILATORY SUPPORT

By avoiding neuromuscular blockade and paralysis of the 
muscles of the diaphragm, spontaneous ventilation can 
occur during mechanical ventilation. Partial ventilatory 
support can lead to improved alveolar recruitment and 
ventilation/perfusion ratio (V/Q) mismatch, improved 
venous return and cardiac output, and enhanced weaning 
from mechanical ventilation. Avoidance of neuromuscu-
lar blockade can also lead to decreased needs for sedation.

ADJUVANT THERAPIES FOR ACUTE 
RESPIRATORY DISTRESS SYNDROME

Prone Positioning
Prone positioning can improve oxygenation in patients 
with ARDS, and it has been applied safely in pediat-
ric patients (see also Chapter 41). Prone positioning 
improves lung recruitment in select patients. Patient 
selection and duration of prone positioning is unclear; 
however, it is likely that a subgroup of patients responds 
to prone positioning early after lung injury, and imme-
diate responders may benefit from a prolonged prone 
positioning.302 In adults Guerin and colleagues303 per-
formed a multicenter prospective randomized control 
trial of patients with severe ARDS (PROSEVA) which 
showed that early administration of prone position-
ing (after stabilization of 12 to 24 hours) sessions for 
several hours per day (16 consecutive hours) for up to 
28 days significantly decreased 28- and 90-day mortal-
ity.303 While prone positioning improves oxygenation, 
a change in mortality has not been shown in pediatrics. 
In pediatric patients with brain injury and worsening 
hypoxemia, prone positioning can be attempted with 
careful monitoring of ICP.304,305

Surfactant Therapy
Exogenous surfactant therapy is the standard of care in 
neonates suffering from respiratory distress syndrome 
(RDS); however, the utility of surfactant therapy in the 
treatment of ALI and ARDS is uncertain. An immedi-
ate improvement in oxygenation and a trend toward 
improved survival occurred with exogenous surfactant 
therapy, calfactant; however, in a recent randomized 
control trial, Willson and coworkers306 found that sur-
factant did not improve outcomes relative to placebo 
administration.306 Clinicians still feel that there may be 
a specific pediatric patient population (i.e., near drown-
ing victims) that may benefit from exogenous surfactant 
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ministration, and research is being performed to deter-
ine patient selection, timing, and the combinations 
ith other therapies for treatment of ALI/ARDS.

itric Oxide
haled nitric oxide (iNO) acts as a selective pulmonary 
sodilator to improve V/Q mismatch, decrease pulmo-
ry hypertension, and reduce right ventricular cardiac 

ork (see also Chapter 104). NO upregulates cGMP, ulti-
ately resulting in smooth muscle relaxation and pul-
onary arteriolar vasodilatation. iNO is delivered directly 
 ventilated lung units and improves perfusion in these 
eas of lung without significant effects on the rest of the 
lmonary vascular bed, thereby improving V/Q mis-
atch and oxygenation in patients with ARDS. Much like 
one positioning and surfactant therapy, NO can result 
 transient improvements in oxygenation. A systemic 
view and meta-analysis performed by Adhikari and co-
orkers306a reveals that iNO does not reduce mortality 
 adult patients with ARDS, regardless of severity of ill-
ss. In pediatrics, a small, randomized trial by Bronicki 
d colleagues showed that pediatric patients with ARDS 
ndomized to receive iNO had significantly improved 
rvival, ECMO free survival, and ventilator-free days at 
 days. This trial was small, but it encourages further 

udy in the pediatric population and continues to be the 
ain adjuvant therapy at many major pediatric centers 
ronicki and colleagues, manuscript in preparation).

tracorporeal Membrane Oxygenation
MO remains a rescue strategy for pediatric patients 

ith ARDS who fail to respond to advanced modes of 
echanical ventilation. Brodie and associates307 suggest 
at in adults with ARDS, ECMO criteria: (1) should be 
nsidered when P/F ratio is less than 150, (2) are indi-
ted when P/F ratio is less than 80, (3) should be con-
dered if Paco2 is greater than 80 mm Hg, and (4) should 
 considered if the end-expiratory plateau pressure is 
eater than 30 cm H2O.307 The CESAR Trial in adults 
monstrated improved outcomes in adults treated with 
MO; however, this trial had significant methodological 
ws.308 Currently, there is an ongoing trial in adults that 
ndomizes patients to ECMO or standardized ventilation 
otocols: ECMO to rescue lung injury in severe ARDS 
OLIA; clinicaltrials.gov identifier: NCT01470703).309 
 is unclear at this time whether ECMO improves out-
mes in pediatric patients with ARDS; however, with the 
creasing use of bicaval dual lumen venovenous cannu-
s, research is underway to define patient population, 
ming, and adjuvant therapies.310

DJUNCTIVE PHARMACOLOGIC THERAPY: 
DATIVES AND ANALGESICS

dation is often required to help conscious children coop-
ate with mechanical ventilation. The amount of seda-
on required depends on the child’s age, size, underlying 
sease, and amount of respiratory support needed. Some 
fants are sufficiently depressed and require no sedation. 
dation allows patients to breathe “in phase” with the 
ntilator, which reduces the peak airway pressure and 
iminates coughing and straining, all of which can cause 

http://clinicaltrials.gov
ctgov:NCT01470703


pulmonary gas leaks. A continuous infusion of fentanyl (1 
to 2 μg/kg/hr) provides pain relief and sedation. However, 
the infusion rate of fentanyl on subsequent days may 
need to be increased to maintain the same level of seda-
tion.94 Other drugs, such as lorazepam (0.1 to 0.2 mg/kg  
administered intravenously every 4 to 6 hours) or an infu-
sion of midazolam (0.05 to 0.2 mg/kg/hr), can be useful 
adjuncts to opioid administration. These drugs usually 
have minimal cardiovascular effects if intravascular vol-
ume is adequate.95 However, administering lorazepam 
to premature neonates for several days can cause steroid-
responsive hypotension because of buildup of drug in the 
body. The half-life of lorazepam is approximately 72 hours 
in premature infants. Giving the drug every 4 to 6 hours 
causes accumulation of the drug in blood and tissues.

Neuromuscular blocking drugs (see also Chapter 34) 
increase chest wall compliance, reduce oxygen con-
sumption,311 and facilitate mechanical ventilation. If 
neuromuscular blocking drugs are used, they should be 
administered in conjunction with medications that cause 
amnesia and anxiolysis and control pain.

Pancuronium and vecuronium are the most com-
monly administered muscle relaxants used in the PICU. 
The usual dose of pancuronium is 0.1 mg/kg adminis-
tered intravenously every 1 to 2 hours or 40 to 100 μg/
kg/hr as an infusion. The tachycardia associated with 
pancuronium is an undesired side effect in adults, but it 
is generally desirable in infants and children because it 
helps to maintain cardiac output. Vecuronium (0.08 to 
0.2 mg/kg, followed by an infusion of 60 to 150 μg/kg/hr) 
produces less tachycardia than pancuronium does. Cisa-
tracurium (0.1 to 0.2 mg/kg followed by an infusion of 
60 to 120 μg/kg/hr) is often useful because its elimination 
is not dependent on renal or hepatic function. If these 
drugs are given for more than 1 day, provision of regu-
lar drug holidays should be considered to avoid serum 
buildup of the drug and prolonged paralysis.

WEANING FROM MECHANICAL 
VENTILATION

The pediatric literature falls behind adult publications in 
regard to guidance in tracheal extubation and weaning 
from mechanical ventilation. A 2009 review by Newth 
and associates312 addressed what was known at the time. 
Attempts have been made to develop predictive indices 
identifying which children can be successfully weaned 
from mechanical ventilation. Most of the indices are 
used in research but do have clinical applications, such 
as the Rapid Shallow Breathing Index (RSBI) from Yang 
and Tobin.313 The RSBI is equal to the respiratory rate/
tidal volume ratio. When patients are breathing comfort-
ably, they have a slower respiratory rate with larger tidal 
volumes. In this circumstance, the RSBI is a low number. 
Furthermore, patients with respiratory distress tend to 
breathe more rapidly with smaller tidal volumes, hence 
a higher RSBI. There are several different techniques for 
weaning from mechanical ventilation. These techniques 
include slowing the set ventilator rate over time, perform-
ing a daily spontaneous breathing trial, or increasing pres-
sure support or CPAP sprints.314 The ideal mechanism of 
weaning is not yet clear, but weaning protocols will likely 
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reduce time on mechanical ventilation.315 Currently, the 
best solution seems to be to ask on a daily basis whether 
the patient is able to be extubated tracheally. More fre-
quent evaluation leads to detecting more patients who 
are ready for extubation.316

However, there is an anticipated extubation failure rate. 
If mechanical ventilation is continued until we are abso-
lutely certain a patient will not fail, many patients will be 
ventilated longer than necessary. A 2003 review317 of 16 
ICUs showed an extubation failure rate of 6.2% (range, 
1.5% to 8.8%) for patients requiring mechanical ventila-
tion longer than 48 hours. Many hospitals are initiating 
daily spontaneous breathing trials (SBTs) for their patients. 
These are periods of decreased ventilatory support while 
the patient is observed for evidence of respiratory distress. 
The decreased support can be pressure support, CPAP, or 
T-piece ventilation. Patients are observed to see that there 
is no significant increase in respiratory rate, decrease in 
saturations, diaphoresis, hemodynamic compromise, or 
evidence of increased work of breathing. The successful 
completion of an SBT will initiate plans for extubation. 
Depending on the ICU, SBTs are performed under direc-
tion of the physicians, or they can be performed indepen-
dently by the respiratory therapist.

Regarding the degree of decreased ventilatory support 
during an SBT, the use of CPAP does not put patients under 
increased stress. The work of Manczur and associates,318 
Willis and associates,256 and Hammer and associates319 
demonstrate that infants or children with smaller ETTs 
are not “breathing through a straw” when administered 
by CPAP or T-piece. Relative to an adult, the ETT may be 
smaller in diameter, but it is also shorter and the inspira-
tory flow rate in infants is low compared to an adult. Flow 
rates are measured to be approximately 0.5 L/kg/min.320 
Therefore, a 3-kg infant has a flow velocity of 1.5 L/min,  
and a 60-kg adult has a flow velocity of 30 L/min. If 
patients are unable to successfully complete the SBT, then 
it is possible that they would not manage the work of 
breathing after extubation of the trachea.

Overall, the criteria for extubation readiness include 
intact airway reflexes, hemodynamic stability, manage-
able secretions, and an appropriate level of alertness. The 
amount of negative inspiratory force (NIF) the patient 
can generate can be measured. NIF should be measured 
with a calibrated manometer and inspiration from resid-
ual volume. Typically, NIF of –30 or greater is associated 
with extubation success. The presence of a leak around 
the ETT may be supportive of extubation; however, there 
is research showing the absence of a leak around the ETT 
does not predict extubation failure.321,322 Extubation fail-
ure is typically defined as reintubation less than 24 hours 
after a scheduled extubation attempt. Extubation failure 
can be caused by a multitude of reasons, but a large cat-
egory is postextubation upper airway obstruction. In a 
2003 study,317 upper airway obstruction was the stated 
cause of extubation failure in 37% of patients. Unfortu-
nately, there is significant interobserver variability267 in 
the clinical assessment of upper airway obstruction that 
may be limiting research. Objective measures of airway 
obstruction may be necessary before there is a definitive 
answer as to which therapies reduce subglottic narrowing 
and reduce obstruction.
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RESPIRATORY DISORDERS

Laryngotracheobronchitis (Croup)
Croup occurs most frequently in the 3-month-old to 
3-year-old age group. Croup is a viral infection (parain-
fluenza, influenza, adenovirus) that causes edema of the 
tissues in the upper airway, particularly in the immediate 
subglottic region. There is usually a history of a few days 
of upper respiratory tract infection symptoms followed 
by hoarseness, a croupy cough, and possibly stridor. The 
degree of respiratory distress and the child’s ability to 
compensate for the increased work of breathing are best 
assessed clinically. These patients are initially treated 
with mist and aerosolized racemic epinephrine to reduce 
swelling of upper airway mucosa.323 Steroid administra-
tion is common yet controversial.77 Tracheal intubation 
is required when the child can no longer sustain the 
increased work of breathing and CO2 increases. When 
the trachea is intubated, the ETT should be 0.5 to 1.0 mm  
smaller than usual for age. The ETT must be of suf-
ficient size that the patient can breathe easily during 
 spontaneous ventilation and the nurses can effectively 
suction secretions from the airways. Croup usually 
resolves spontaneously in 3 to 7 days. The average dura-
tion of tracheal intubation is approximately 5 days. 
Laryngotracheobronchitis is less common in children 
older than 4 years.

Epiglottitis
Epiglottitis is an inflammation of the mucosa of the 
supraglottic structures that was previously caused by  
Haemophilus influenzae type B, but is now commonly 
caused by Staphylococcus aureus and streptococcal organ-
isms because immunization against the Haemophilus 
organism has been so effective. In the past, epiglottitis 
was a disease of 4- to 6-year-old children. Now, it occurs 
more commonly at older ages (even in adults).324 In 
young children, epiglottitis is a true airway emergency 
because it can progress rapidly to complete and fatal air-
way obstruction. Providing a secure airway is the first 
priority. Children with epiglottitis appear toxic and have 
a fulminant onset of fever and respiratory distress. Tra-
cheal intubation is commonly required until antibiotic 
therapy (ampicillin and chloramphenicol or ceftriaxone) 
is initiated and the signs of systemic toxicity subside. 
Introduction of the H. influenzae vaccine has dramatically 
decreased the incidence of H. influenzae infection, as well 
as that of other H. influenzae processes.111

Bronchiolitis
Bronchiolitis is an acute viral infection of the lower respi-
ratory tract that occurs primarily during the first 2 years of 
life. The signs and symptoms of this malady are air trap-
ping, wheezing, mild to moderate systemic hypoxemia, 
increased work of breathing, and increased airway resis-
tance. The cause is usually an infection with respiratory 
syncytial virus (RSV).325 Patients at high risk for respira-
tory failure from this disease include infants and young 
children with a history of prematurity, chronic lung dis-
ease, or congenital heart disease. Apnea is frequently the 
first sign of decompensation in neonates, which often 
occurs before significant hypercapnia appears. Fatigue is 
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 common indication for mechanical ventilation. Treat-
ent is primarily supportive and includes endotracheal 
tubation and mechanical ventilation for respiratory 

ailure.326 Palivizumab (Synagis [MedImmune, Gaith-
rsburg, MD] is a monoclonal antibody administered 
o patients at risk for seasonal RSV disease (premature 

fants, infants with congenital heart disease, immuno-
uppressed patients, or those with multiple congenital 
nomalies); it has  dramatically decreased the incidence 
f illness in this population. Ribavirin is a virostatic drug 
vailable for the treatment of children with RSV and con-
enital heart disease, immunosuppressive disease, or mul-
iple congenital anomalies.

ystic Fibrosis
ystic fibrosis is a fatal autosomal recessive disease car-

ied on chromosome 7. Although it affects the pancreatic, 
epatic, pulmonary, GI tract, and reproductive systems, 
0% of the reported morbidity and mortality is pulmo-
ary. The pulmonary pathology consists of severe airway 
bstruction, bronchiectasis, emphysema, and terminal 
espiratory failure.

Survival of patients with cystic fibrosis has improved 
ramatically over the past 30 years. More than one third 
f patients survive to older than 30 years of age.123 This 
hange is the result of improved antibiotic therapy, 
utritional support, and aggressive treatment of com-
lications. Lung transplantation has been performed 
 patients with chronic respiratory failure with varied 

uccess.327,328

ronchopulmonary Dysplasia
ronchopulmonary dysplasia is a form of chronic lung 
isease that occurs in patients who have survived severe 
eonatal lung disease. The cause of this disease is uncer-

ain, but usually patients were born premature, had 
yaline membrane disease, and required prolonged and 
ggressive respiratory support with high inflating and 
istending pressure and high oxygen concentrations. 
nflammation appears to be an important component 
f this disease.329 Children with BPD have decreased 
ynamic compliance, increased airway resistance, 
creased physiologic dead space, and markedly increased 
ork of breathing. The lungs are hyperinflated, and there 
re intercostal retractions, nasal flaring, and wheezing. 
hest radiographs demonstrate large lung volumes and 
brosis as well as cystic and atelectatic areas. Hypercapnia 
nd hypoxia are present to varying degrees.330,331 Ther-
py for BPD includes providing sufficient calories to meet 
he higher energy expenditure required for the increased 
ork of breathing. Respiratory support (mechanical 
entilation, CPAP) is required for some patients. Diuret-
s and bronchodilators are frequently used and may be 
ssociated with electrolyte abnormalities. Most long-term 
urvivors have subjectively normal pulmonary function; 
owever, some survivors have severe chronic physiologic 
hanges.332,333 During the first years of life, viral or bac-
erial pulmonary infections often increase the need for 
espiratory support; these infections may prove to be 
atal. Great effort is being made to prevent BPD. Because 
he trauma of mechanical ventilation on an immature 
ng is thought to be the major cause of BPD, alternative 
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odes of ventilatory support are being evaluated, includ-
g exogenous surfactant, high-frequency ventilation 
specially HFOV),334 ECMO, and liquid ventilation.330,335

leep Apnea
ormal ventilation during sleep requires normal upper 
rway anatomy and normal intact reflexes. The latter 
clude central responses to hypercapnia and hypoxia, 
sponse to airway irritation, and dynamic phasic con-
action of the pharyngeal and hypopharyngeal muscles. 
eep apnea usually occurs when one or more of these 
otective responses are abnormal. In infancy, sleep 
nea is relatively common. Numerous causes have been 
stulated, the most attractive of which is immaturity of 
e medullary chemoreceptors. Patients with Ondine’s 
rse, the most severe form of central apnea, have com-
ete apnea when asleep. Lesser breathing disorders may 
 present during sleep in patients with sudden infant 
ath syndrome. Treatment of sleep apnea consists of 
spiratory stimulants (theophylline), cardiorespiratory 
onitoring during sleep, and in some severe cases, tra-
eotomy and nighttime mechanical ventilation.132 

bstructive sleep apnea occurs in all pediatric age groups. 
 may be associated with an identifiable anatomic disor-
r, such as enlarged tonsils and adenoids, Pierre Robin 
ndrome, and tracheal and laryngeal malacia. Signs and 
mptoms of obstructive sleep apnea include loud snor-
g, obstructive episodes with frequent arousal, behavior 
sorders caused by sleep deprivation, and cor pulmonale. 
e diagnosis is made with the history, electrocardio-

am, and formal sleep studies. Bronchoscopy can also be 
elpful in defining the problem. In young children, an 
larged liver might suggest that the child has pulmonary 

ypertension. Treatment of sleep apnea includes removal 
 bypass of an obstruction. Although tonsillectomy and 
enoidectomy can improve the airway, there may still be 

gnificant airway obstruction for the first few days after 
rgery. Tracheostomy is rarely required in these children.

reign Body Aspiration
reign body aspiration is a relatively common and often 
tastrophic event in children. Although it can occur at 
y age, the peak incidence of foreign body aspiration 
curs at 6 months to 3 years of age. Vegetable matter (e.g., 
anuts), other foodstuff (e.g., hot dogs), coins, and small 
eces of toys are the most commonly aspirated material. 
any of these objects are radiolucent. The symptoms of 
piration are related to the location of the foreign body 
ithin the airway and the time since the object was aspi-
ted. Acute symptoms can include total airway obstruc-
on, stridor, wheezing, or acute onset of coughing. 
hronic symptoms include bloody sputum and chronic 
ugh. Wheezing can occur as a chronic symptom as well 
 acute. The diagnosis of a foreign body in the airway is 
ade from the history and physical examination and, in 
me cases, by radiologic imaging. The efficacy and safety 
 abdominal thrusts have been questioned. The Heim-
h maneuver and back slaps are reserved for acute upper 
rway obstruction with no air movement. Treatment of 
ss acute or lower airway foreign body aspiration includes 
onchoscopy, postural drainage, chest physical therapy, 
onchodilators, and surgical removal of the object.336
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Upper Airway Obstruction  
and Meningomyelocele
Vocal cord paralysis is a common result of several disor-
ders, including brainstem abnormalities and myelodys-
plasia. Children with meningomyelocele usually have an 
Arnold-Chiari malformation and may have stridor. This 
lesion allows caudal displacement of the medulla, stretch-
ing of the cranial nerve tracts, and abnormal arterial 
architecture of the brainstem. Vocal cord paralysis can 
result from pressure on the brainstem (i.e., with hydro-
cephalus) or from focal infarcts of the brainstem. Treat-
ment of these brainstem abnormalities includes relief of 
the hydrocephalus and, if the paralysis persists, cervical 
decompression of the Arnold-Chiari lesion. Despite these 
surgical procedures, some children require a tracheotomy 
and long-term mechanical ventilation.

ASTHMA

The prevalence of childhood asthma is increasing over 
time. Estimates from the Centers for Disease Control 
and Prevention placed the percentage of children with 
asthma at 3.6% in 1980, 5.8% in 2003, and 9.5% in 2011 
(www.cdc.gov/nchs/fastats/asthma.htm). Thankfully, the  
majority of children with asthma will never require inten-
sive care. However, for the children who do, there can be 
significant morbidity and a risk of mortality. In a 2012 
study by Newth and associates337 of fatal and near-fatal 
asthma in an ICU setting, 12% of patients had compli-
cations and the mortality was 4%. Cardiac arrest before 
admission occurred in 10 of the 11 patients who died. For 
the purposes of this section, critical asthma is defined as 
an asthma exacerbation requiring ICU admission.

Asthma is a disease of inflammation. There is infil-
tration of the submucosal area of the airways with mast 
cells, eosinophils, and CD4 lymphocytes. Degranulation 
of mast cells releases leukotrienes and histamine (causing 
edema), increases in mucus production, and chemotaxis 
of white blood cells. Multiple factors can trigger asthma 
attacks and degranulations of mast cells. Such factors 
include allergens, infections (viral more than bacterial), 
changes in the weather, and strong emotions. Inflam-
mation increases irritability of the airway as well as air-
way hyperresponsiveness. The airway lumen is decreased 
by spasm of the bronchial muscles, edema and mucus. 
Decreases in the airway lumen significantly increase air-
way resistance. For laminar airflow, airway resistance is 
related to the third power of the radius, but with turbu-
lent airflow it is related to the fourth power. Because of 
the smaller lumen of their airways, children experience 
much greater changes in airway resistance during asthma 
attacks than adults do. Because of resistance in exhala-
tion, an expiratory wheeze is typically noted. Broncho-
spasm, edema, or mucus plugging can lead to complete 
obstruction of small airways. Hypoxemia occurs because 
of a mismatch in ventilation and perfusion. Airway dead 
space is increased by obstruction of the airways. To main-
tain ventilation, the respiratory rate is typically increased. 
In turn, the initial Paco2 is usually low. Respiratory fatigue 
or impending failure may be identified by a normal or 
elevated Paco2.

http://www.cdc.gov/nchs/fastats/asthma.htm
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Asthma can occur without wheezing, which is the 
sound that is produced when there is obstruction to air-
flow. Wheezing can be caused by pneumonia, upper air-
way obstruction, foreign body aspiration, or CHF and each 
requires different therapy. A sudden onset of wheezing in 
a toddler should prompt evaluation for foreign body aspi-
ration. The history should be addressed for recent chok-
ing or coughing episodes. Even the presence of a history 
of reactive airways or atopy does not rule out aspiration. 
A high index of suspicion should be maintained. Inter-
mittently a chest radiograph obtained for a child who is 
wheezing shows cardiomegaly rather than peribronchial 
cuffing. Asthma is statistically more likely, but this can 
be the presentation of heart failure. A chest radiograph 
is warranted for any patient with their first presentation 
of wheezing, and certainly for any child who is admit-
ted to the ICU for wheezing. Severe asthma exacerbations 
can occur without wheezing, as the movement of air is 
required to hear wheezing. It is possible for a patient to 
have significant airflow restrictions that do not produce 
audible wheezing. Patients with a quiet chest or limited 
airflow on auscultation require immediate action.

Children with an asthma exacerbation may have a few 
days of upper respiratory infection symptoms followed 
by increased work of breathing. The patient may have 
low room air oxygen saturations. The patient’s position 
of comfort may be sitting up to support their muscles of 
respiration. Accessory muscle use is noted. There is a pro-
longed expiratory phase on auscultation. In an effort to 
increase airway pressure, some children may be breathing 
out with pursed lips, or grunting may be noted in smaller 
children. The child might not be able to speak more than 
one- or two-word phrases. Therapy should be started 
immediately, first with supplemental oxygen to address 
hypoxemia. If the child is in mild respiratory distress, 
nasal cannula oxygen may be sufficient. If the child has 
moderate or severe respiratory distress, oxygen should be 
delivered by either facemask or nonrebreather facemask. 
Inhaled β-agonists, such as albuterol, are given to relax 
bronchial smooth muscles. Intravenous or subcutane-
ous terbutaline or epinephrine may be required if there 
is not enough air movement to deliver inhaled medica-
tions. Steroids should be given early because their effect 
will take some time. If there is limited improvement with 
initial therapy, arrangements should be made for ICU 
admission. Many emergency departments will attempt to 
obtain ABGs; however, the clinical picture alone may pro-
vide enough information to guide therapy.

Asthma Therapy
Supplemental Oxygen. Oxygen can be delivered with a 
standard nasal cannula, but the fraction of inspired oxy-
gen (Fio2) is limited. Standard nasal cannula might pro-
vide up to 40% Fio2. Increasing the flow of oxygen with a 
standard cannula larger than 4 to 5 L/min is not usually 
tolerated. A simple facemask might increase the Fio2 to 
50%. A tightly sealed nonrebreather facemasks might be 
able to provide Fio2 closer to 1. Providing oxygen with a 
high-flow humidified nasal cannula (HFHNC) may pro-
vide nearly complete humidification of the airway gases 
and the Fio2 also approaches 1. A study in 2014 by Rubin 
and associates259 demonstrated a decrease in effort of 
breathing in patients receiving HFHNC. The mechanism 
of its effect is not elucidated. Some clinicians have begun 
using HFHNC as a mechanism for delivery of β-agonists 
or other aerosolized medications, but there are no data to 
support its use.

Inhaled β-agOnIStS. Inhaled β-agonists are used to relax 
bronchial smooth muscles. The most commonly used 
β-agonists is albuterol, which is a racemic mixture of the 
active R and inactive S enantiomer. Levalbuterol, the 
active R enantiomer, is available as a separate prepara-
tion, but recent studies have not shown it to be more 
effective338 or to have less elevations in heart rate.339 Alb-
uterol is β2 selective and comes as a metered-dose inhaler 
or solution for nebulization. For initial therapy in the 
ICU, continuous albuterol is preferred, and the usual dose 
is 0.15 to 0.5 mg/kg/hr or 10 to 20 mg/hr. After improve-
ment in air movement with decreased respiratory distress, 
intermittent doses can be given every 1 to 2 hours. Ter-
butaline as an inhaled medication is less β2 selective com-
pared with albuterol and therefore is used less commonly. 
Terbutaline remains as an important intravenous medica-
tion. Tachycardia is commonly associated with albuterol 
use. At times, it is unclear whether the elevated heart 
rate is related to toxicity of medications or to ongoing 
respiratory distress. Arrhythmias may be seen with alb-
uterol use, but this is usually just an increased frequency 
of premature ventricular contractions. Diastolic hypoten-
sion is observed with larger doses of albuterol, although 
this can be related to decreased intravascular volume and 
increased intrathoracic pressure. Agitation and tremors 
can be seen with CNS stimulation. Hypokalemia may be 
noted as the β-adrenergic agonists drive potassium into 
cells. Ipratropium bromide, an inhaled anticholinergic, 
is sometimes paired with intermittent albuterol doses. 
Ipratropium bromide has the benefit of promoting bron-
chodilation without decreasing mucociliary clearance.

COrtICOSterOIdS. Intravenous steroids are preferred 
to oral dosing in the ICU because of the possibility of 
decreased absorption or delayed onset. Methylpredniso-
lone is commonly used because of its limited mineralo-
corticoid effects. The initial dose is 2 mg/kg and then 0.5 
to 1 mg/kg every 6 hours. There may be regional pref-
erence for dexamethasone or hydrocortisone. Steroids 
are typically given for the duration of the acute asthma 
phase. If steroids are given for 5 days or less, they are not 
usually tapered. Systemic steroid use is associated with 
hyperglycemia, hypertension, and occasional agitation. 
During initial ICU care, inhaled steroids are of no benefit.

IntravenOuS FluIdS. Children admitted to the ICU with 
critical asthma will likely be dehydrated from limited oral 
intake during their illness and increased insensible losses 
from the higher respiratory rate. The patient’s circulating 
volume should be supported with fluid boluses if needed. 
However, excessive fluids should be avoided, because this 
could lead to pulmonary edema. Pulmonary edema could 
worsen both oxygenation and airway resistance. Fluid 
boluses may also be needed for children whose respiratory 
distress progresses require mechanical ventilation. Hypo-
tension often occurs during intubation of the trachea.



IntravenOuS and SubCutaneOuS β-adrenergIC agOnIStS. 
A significant decrease in air exchange can result in 
poor delivery of inhaled medications, and intravenous 
β-agonists may be required. Terbutaline is often the first 
choice and relatively β2 selective as compared to isoproter-
enol and epinephrine. Terbutaline can be given subcuta-
neously for children without intravenous access as a dose 
of 0.01 mg/kg up to a maximum of 0.3 mg. Intravenous 
terbutaline at a dose of 10 μg/kg over 10 to 20 minutes  
is followed by a continuous infusion of terbutaline in a 
range of 0.1 to 10 μg/kg/min. The infusion can be titrated 
to effect. Subcutaneous epinephrine may be given for 
severe asthma exacerbation with limited intravenous 
access with a dose of 0.01 mg/kg of to the 1:1000 solution 
with a maximum dose of 0.5 mg. Absorption of the drug 
may be limited by poor perfusion to extremities. Intrave-
nous epinephrine may be an ideal drug for mechanically 
ventilated patients with hypotension. The use of isopro-
terenol in critical asthma has decreased over time.

methylxanthIneS. There is regional variation in the use 
of the methylxanthine aminophylline in place of intrave-
nous terbutaline as a second line drug for critical asthma. 
Fewer children with asthma are admitted to the ICU 
with methylxanthine as a chronic medication. There are 
improved controller medications including the leukotri-
ene inhibitors; therefore, fewer children are receiving oral 
theophylline. The methylxanthines promote bronchial 
smooth muscle relaxation, but the exact mechanism 
of action is not known. Intravenous aminophylline is 
loaded at a dose of 5 to 7 mg/kg over 30 minutes fol-
lowed by a continuous infusion in the range of 0.5 to 0.9 
mg/kg/hr. If the patient has taken oral theophylline in 
the past 24 hours, the loading dose is reduced by 50% or 
the aminophylline dosing is adjusted based on a serum 
theophylline level. In general, an aminophylline loading 
dose of 1 mg/kg will raise the serum theophylline level 
by 2 μg/mL. The target range for serum theophylline in 
acute asthma is 10 to 20 μg/mL. Theophylline has a very 
narrow therapeutic window. Theophylline levels higher 
than 20 μg/mL are associated with nausea, tachycardia, 
restlessness, or irritability. Higher theophylline levels can 
cause seizure activity.

magneSIum. Magnesium can be given as an inhaled or 
intravenous medication to relax bronchial muscles. 
Smooth muscle relaxation occurs because of magnesium’s 
effect as a calcium channel blocker. Results from the 2013 
Magnesium Trial in Children340 indicate nebulized mag-
nesium may be beneficial in an acute severe asthma exac-
erbation. Intravenous magnesium may also be beneficial 
in severe asthma.341,342 As there is still regional variation 
to magnesium, at the least a magnesium level should be 
checked with the initial set of electrolytes, and hypomag-
nesemia should be treated. The dose for critical asthma 
and hypomagnesemia can be the same 25 to 45 mg/kg 
given over 30 minutes. Magnesium toxicity can include 
muscle weakness, cardiac arrhythmias, decreased reflexes, 
and respiratory depression.

helIum. Mixtures of helium and oxygen (heliox) can be 
used to improve laminar gas flow. This occurs because of 
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the decreased density of helium as compared with nitro-
gen (approximately 1/7). For helium to be beneficial in 
small airways, it must occur in a high ratio with oxygen. 
The most benefit may be seen with an 80:20 or 70:30 ratio 
of helium to oxygen; therefore, hypoxemia and the need 
for increased supplemental oxygen may limit heliox use. 
Heliox can be used to deliver inhaled β2 agonists.343 As 
with other advanced therapy, helium might not have a 
role in routine care, but there may be benefit from its use 
in severe critical asthma.

KetamIne. Ketamine is a noncompetitive N-methyl-d-as-
partate receptor antagonist that can produce a state of 
dissociative anesthesia. An additional effect of ketamine 
is bronchodilation; it is a useful medication for sedation 
in the ICU because it has a limited effect on the respira-
tory drive. In usual doses, hemodynamics are not usu-
ally affected. For patients with asthma whose tracheas are 
intubated and mechanically ventilated, ketamine may be 
a good choice for sedation along with a benzodiazepine. 
Furthermore, one pediatric study344 showed an improve-
ment in the Pao2/Fio2 ratio as well as dynamic compli-
ance in mechanically ventilated children with refractory 
bronchospasm who were receiving a continuous infusion 
of ketamine. There has been no study to show whether 
ketamine used to treat anxiety is beneficial in preventing 
intubation in patients during an asthma attack. For non–
tracheally intubated patients, a recent Cochrane Database 
Review345 did not show significant benefit in severe acute 
asthma. If a decision is made to use ketamine for a pro-
cedure or a means of sedation, the bolus dose is usually 
1 mg/kg, allowing time for effect before repeating. Ket-
amine is given as a continuous infusion at the dose of 5 
to 30 μg/kg/min titrated to effect. One of the additional 
side effects of ketamine can be dysphoria, and as such, it 
is usually given with a benzodiazepine.

nOnInvaSIve ventIlatIOn. There is limited evidence that 
noninvasive ventilation is effective in children with 
asthma.272 Clinically, patients with effective air exchange 
and who fight the mask and positive pressure do not ben-
efit from noninvasive ventilation. Nevertheless, some 
children with limited air exchange and fatigue take to 
noninvasive ventilation easily and appear more comfort-
able. Noninvasive ventilation can allow time for thera-
pies to become effective (steroids) and can reduce the 
need for intubation. It should not be used when the level 
of alertness or ability to protect the airway is diminished.

IntubatIOn OF the traChea. By the time patients with 
asthma require endotracheal intubation and mechanical 
ventilation, they are hypoxemic, acidotic, and fatigued, 
and they have limited reserve. The most experienced per-
son available should perform the intubation of the tra-
chea procedure. Appropriate venous access is required 
and intravenously administered fluid boluses may be 
necessary. Ketamine and a benzodiazepine can be used. 
Ketamine can produce increased secretions; therefore, 
atropine should be considered. Ketamine can also produce 
dysphoria; therefore, the benzodiazepine is given for its 
amnestic effects. The management style in the authors’ 
ICU is to get the patient back to breathing spontaneously 
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or initiating their own breathing as soon as possible after 
intubation. In turn, rocuronium can be considered as a 
medium short-acting muscle relaxant. Succinylcholine 
can be used, but the other side effects of this medication, 
including hyperkalemia, should be considered. A cuffed 
ETT is recommended because ventilator settings may 
require high peak pressures. Immediately after intuba-
tion, adequate ventilation should be achieved with a slow 
respiratory rate to prevent alveolar overdistention and 
to reduce the risk of pneumothorax. There can be acute 
decompensation following intubation. Hypovolemia and 
increased intrathoracic pressures may be an issue. Follow-
ing the DOPE acronym, one should also look for displace-
ment or obstruction of the endotracheal tube and rule out 
pneumothorax or equipment failure.

meChanICal ventIlatIOn (alSO See Chapter 103). 
There can be controversy regarding the best means for 
mechanical ventilation for patients with asthma (see also  
Chapter 103). The argument against setting the ventila-
tor in a pressure control mode is that changes in airway 
resistance that occur with asthma can result in delivery 
of an inadequate tidal volume. The argument against the 
ventilator in a volume control mode is that due to flow 
patterns of the ventilator the same tidal volume can be 
delivered with a higher peak pressure as compared to a 
pressure control mode. As stated previously, the authors’ 
management style is to get intubated asthmatics breath-
ing spontaneously as soon as possible. This allows them 
to set their own breathing rate, and on pressure support 
and PEEP they can set their own inspiratory-to-expiratory 
ratio. Pressure support has been recommended because it 
is patient initiated, even if not patient limited.346 There 
may be initial elevations in Paco2, but the carbon diox-
ide elevation is usually will tolerated if the patient is well 
oxygenated.

Historically, clinicians set zero or low PEEP for intu-
bated asthmatics because of the perceived risk of hyper-
inflation347 and barotrauma. However, since 1988 there 
have been four adult studies348-351 and one pediatric 
study257 strongly suggesting the benefits of extrinsic PEEP 
during mechanical ventilation for intubated asthmatics. 
These studies demonstrated that extrinsic PEEP, up to a 
level to matching intrinsic PEEP, improves the triggering 
sensitivity of the ventilator, diminishes ventilatory work, 
and reduces mechanical work of breathing for patients 
spontaneously breathing with assisted ventilation. As the 
work of breathing is reduced, there is improved patient 
comfort and potentially a reduced need for sedation. 
Matching extrinsic PEEP applied with the ventilator to the 
intrinsic PEEP developed by the patient with asthma may 
improve delivery of aerosol therapy via the ETT. Match-
ing PEEP can possibly result in earlier liberation from 
mechanical ventilation. It should be noted that some cli-
nicians believe that attempts to match PEEP may include 
the risk that extrinsic PEEP will cause overdistention of 
the lungs. Overdistention of the lungs can increase the 
risk of hyperinflation and air leak syndrome.347 Sponta-
neous breathing with pressure support and PEEP lowers 
WOB.256,257 For the individual patient, the level of extrin-
sic PEEP at which hyperinflation will occur is unknown. 
Theoretically, for the spontaneously breathing patient, 
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xtrinsic PEEP applied to counteract intrinsic PEEP should 
ot cause an increase in end-expiratory lung volume until 
xtrinsic PEEP exceeds intrinsic PEEP.352 Furthermore, the 
nd-expiratory lung volume can even decrease, leading 
o decreased dead space and increased compliance. In the 
uthors’ ICU, intrinsic PEEP is measured during a ventila-
or pause, allowing the patient to exhale completely and 

easuring the pressure before the next breath. Extrinsic 
EEP is added gradually with the ventilator, and respi-
atory rate and clinical work of breathing are observed. 
xtrinsic PEEP is maintained at a level below intrinsic 
EEP, extrinsic and intrinsic PEEP are reassessed continu-
lly as the patient responds to therapy. Further research 
s needed to determine the best practice of mechanical 
entilation for intubated asthmatics, but this is limited by 
he small number requiring intubation each year.

nhaled aneSthetICS. One of the properties of inhaled 
nesthetics is bronchodilation. In turn, inhaled anesthet-
cs have been used as rescue therapy in children with 
ritical asthma who are intubated. Isoflurane has been 
sed in the authors’ ICU for its reduction in broncho-
pasm with the added benefit of a decreased sedation 
equirement. However, inhaled anesthetics are difficult 
o use in an ICU setting. Modern ICU ventilators are not 
esigned to accept a vaporizer. There is no circle system 

n ICU ventilators, so there is a tremendous use of anes-
hetic vapor. There is no primary means of gas scaveng-
ng in an ICU ventilator; therefore, significant steps must 
e taken to avoid contamination of the patient’s room. 
 case series of six patients was reported by Wheeler 
nd colleagues,353 and Tobias354-356 has published sev-
ral articles detailing the use of inhaled anesthetics in 
sthma and other clinical conditions. A recent retrospec-
ive cohort study by Char and associates357 in intubated 
sthmatics did not demonstrate a difference in mortality 
etween centers that did or did not use inhaled anesthet-
cs. There was significantly greater length of mechanical 
entilation, length of stay, and hospital charges in the 
enters using inhaled anesthetics. The significant exper-
ise needed to deliver inhaled anesthetics safely can limit 
ts use to a few centers. An anesthetic-conserving device 
AnaConDa; Sedana Medical, Uppsala, Sweden) is avail-
ble in Europe, but not the United States. The device is a 
iniature vaporizer and a conserving medium or reflec-

ive filter that keeps the inhaled anesthetic on the patient 
ide of the device. This device can be used with a normal 
entilator. Finally, as the scientific community learns 
ore about the potential neurotoxicity with inhaled 

nesthetics, the physician must weigh the risk-and-ben-
fit profile of long-term inhalational anesthetics for the 
anagement of status asthmaticus.

xtraCOrpOreal lIFe SuppOrt FOr StatuS aSthmatI-
uS. Extracorporeal life support (ECLS) has been used as 
 rescue therapy in near fatal asthma. As with inhaled 
nesthetics, the use of ECLS for this indication is likely 
imited to a small number of centers. One single cen-
er study reports25 their use, but the number of patients  
n = 13) is too small to determine whether this therapy 
as advantages over mechanical ventilation or conven-

ional therapy.
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TABLE 95-7 NORMAL AGES FOR MAJOR DEVELOPMENTAL MILESTONES

Age Motor Function Language Adaptive Behavior

4-6 wk Lifts head from prone position and turns from 
side to side

Cries Smiles

4 mo Shows no head lag when pulled to sitting from 
supine position; tries to grasp large objects

Utters sounds of pleasure Smiles, laughs aloud, and shows 
pleasure from familiar objects or 
persons

5 mo Grasps voluntarily with both hands; plays with toes Makes primitive sounds Smiles at self in mirror (ah, goo)
6 mo Grasps with one hand; rolls prone to supine; sits 

with support
His increased range of sounds Expresses displeasure and food 

preferences
8 mo Sits without support; transfers objects from hand 

to hand; rolls supine to prone
Combines syllables (baba,  

dada, mama)
Responds to “No”

10 mo Sits well; crawls; stands holding; finger-thumb 
apposition in picking up small objects

Waves goodbye; plays patty-cake 
and peek-a-boo

12 mo Stands holding; walks with support Says two or three words with 
meaning

Understands names of objects; 
shows interest in pictures

15 mo Walks alone Utters several intelligible words Requests by pointing; imitates
18 mo Walks up and down stairs holding; removes 

clothes
Says many intelligible words Carries out simple commands

2 yr Walks up and down stairs by self; runs Makes two- or three-word 
phrases

Engages in organized play; points to 
some parts of the body
CENTRAL NERVOUS SYSTEM

Systemic illness is a common cause of CNS dysfunction 
in infants and children. Seizures, head trauma, CNS infec-
tions, and hypoxic or metabolic encephalopathy com-
monly cause acute neurologic dysfunction in the PICU. 
Assessment of neurologic function depends on an under-
standing of the age-dependent progression of motor 
and cognitive skills. Table 95-7 lists the developmental 
milestones.

FUNCTIONAL POSTNATAL NEUROLOGIC 
DEVELOPMENT

Motor function in the newborn depends on gestational 
rather than postnatal age. That is, an infant born at  
28 weeks’ gestation exhibits motor responses similar to 
those of a full-term newborn when the former is 3 months 
old. Although potentially modifiable by cortical influence, 
most neonatal motor behavior is controlled subcortically, 
which permits normal motor behavior in newborns who 
have severe cortical damage. Assessment of intellectual 
development is difficult in a newborn. Initially, assessment 
is based on the absence of reflexes and the acquisition of 
new motor skills. Adaptive or interactive behavior is first 
seen with accommodation to repeated stimuli and eye 
contact. The infant’s intellectual development depends 
on the presence of external stimulation and social interac-
tion, preferably from one or a few individuals. This is why 
infants and children who require long-term intensive care 
must have parental input and developmental stimulus.

ASSESSMENT OF NEUROLOGIC FUNCTION

Clinical examination is the most important tool we have 
for assessing neurologic function in children. In an awake 
child, interactions with the examiner and caretakers  
are sensitive indicators of high or integrative cortical func-
tion. When the child’s cognitive function is depressed 
from disease or drugs, examination of the general level 
of activity and peripheral and brainstem reflexes becomes 
an important, albeit crude, measure of CNS function. A 
detailed examination includes an evaluation of the level 
of consciousness and alertness in the context of sedative 
medications. The Glasgow Coma Scale (GCS; Table 95-8) is 
a commonly accepted tool to evaluate the level of function 
of neurologically impaired patients; however, it was not 
developed for this purpose, and extensive research needs 
to continue on directed scales and noninvasive means to 
improve assessment consciousness in critically ill chil-
dren.358 Painful stimulation can stimulate both decorticate 
or decerebrate posturing; these responses likely indicate 
significant CNS malfunction and should trigger further 
investigation. Decerebrate posturing is an extension at the 
elbows with the arms and hands pronated. Decorticate  
posturing of the upper extremities is flexion at the elbows 
with the hands clenched. These responses to painful 
stimuli or no response at all should (in combination 
with attempts to elicit a cough, gag, or ability to handle 
oral secretions) make the practitioner question whether 
the patient can protect the airway. Pupillary reflex is a 
well-preserved function; therefore, unreactive pupils are 
highly concerning. Large reactive pupils can be caused by 
tricyclic antidepressant ingestion, atropine administra-
tion, or a symptom of pharmacologic withdrawal. Small, 
reactive pupils can indicate damage at the level of the 
pons, but usually indicate the presence of opioids or bar-
biturates. Funduscopic examination is important to assess 
for signs of increased ICP or retinal hemorrhage; how-
ever, the bedside practitioner may have difficulty with 
these assessments, and an ophthalmologist consultation 
may be required.

LABORATORY ASSESSMENT OF NEUROLOGIC 
FUNCTION (ALSO SEE CHAPTER 49)

The EEG is used to diagnose seizures and isoelectric 
brain death and to monitor the effects of barbiturates 



PART VI: Pediatric Anesthesia2896

TABLE 95-8 GLASGOW COMA SCALE FOR INFANTS AND CHILDREN

Activity Adult/Child Response Infant Response Score

Eye opening (E) Spontaneous Spontaneous 4
To verbal stimuli To verbal stimuli 3
To pain To pain 2
None None 1

Best verbal response (V) Oriented, appropriate Coos and babbles 5
Confused conversation Irritable cries 4
Inappropriate words Cries to pain 3
Incomprehensible words Moans to pain 2
None None 1

Best motor response (M) Obeys verbal command Normal movement 6
Localizes stimulus Withdraws upon touch 5
Withdraws from noxious stimulus Withdraws upon pain 4
Decorticate flexion Decorticate flexion 3
Decerebrate extension Decerebrate extension 2
None (flaccid) None (flaccid) 1
administered to induce coma (see also Chapter 49). In 
addition, continuous EEG monitoring is often used to 
detect nonconvulsive seizure activity in critically ill chil-
dren.206,359,360 This monitoring system is resource inten-
sive but has now shown that outcomes are improved; 
however, its use continues to increase in neonatal and 
pediatric critical care, and further study is needed for this 
promising, noninvasive tool. Computed tomography 
(CT) enables rapid detection of CNS lesions, the extent 
of structural injury, and noninvasive assessment of ICP. 
Cranial ultrasound is a bedside technique used to assess 
ventricular size and intracranial anatomy in infants with 
nonfused cranial sutures. MRI permits intraorbital and 
ocular injuries and brainstem and spinal cord lesions to 
be examined; it is also good for defining soft tissue abnor-
malities.361 The major drawback of MRI is the length 
of time required for each examination and the relative 
inaccessibility of the patient while inside the scanner. 
Maintaining body temperature can also be a problem in 
small children during MRI scanning because the room 
must be cold. It may be difficult to perform MRI safely in 
patients who have significant cardiorespiratory compro-
mise, because many of the pumps and ventilators can-
not enter the scanner. Doppler ultrasound allows bedside 
assessment of cerebral blood flow (CBF) velocity in the 
ICU. Although it does not directly measure CBF, Dop-
pler ultrasound is a useful bedside guide to therapy. CBF 
scans are the gold standard and are usually required to 
diagnose brain death during barbiturate coma. ICP can be 
monitored by inserting a catheter into a lateral ventricle 
or by inserting a subarachnoid screw or transducer into 
the epidural space or cerebral parenchyma. The ventricu-
lar catheter provides an accurate waveform and permits 
withdrawal of cerebrospinal fluid (CSF) to reduce ICP. 
The other devices used to measure ICP provide less con-
sistent pressure waves and do not permit removal of CSF.

TRAUMATIC BRAIN INJURY

Despite advances in resuscitation care, morbidity follow-
ing pediatric traumatic brain injury (TBI) remains high (see 
Chapters 49 and 81). TBI is composed of two components: 
an initial primary injury caused by direct mechanical 
deformation of brain parenchyma and a subsequent sec-
ondary injury that can develop over hours to days. Sec-
ondary injury may be the result of multiple mechanisms 
including ischemia, excitotoxicity, metabolic failure and 
eventual apoptosis, cerebral swelling, axonal injury, and 
inflammation and regeneration.362 For improvements in 
outcome to be achieved in the pediatric critical care setting, 
secondary brain injury must be prevented or minimized.

Conventional wisdom about TBI has dictated that 
ischemia plays a major role in secondary brain injury. 
While reversal of ischemia is crucial, simply delivering 
oxygen to injured areas of the brain does not abate the 
onslaught of secondary injury cascades destroying vul-
nerable areas of the brain following TBI. Recent evidence 
suggests that secondary injury persists despite adequate 
oxygen delivery to brain tissue because of persistent met-
abolic crisis.363,364 Furthermore, hyperoxia is not effective 
in completely reversing metabolic crisis and may lead to 
persistent secondary injury due to superoxide and free 
radical generation. There is widespread heterogeneity of 
metabolism following TBI, with some regional areas of 
increased glucose and oxygen utilization (likely due to 
electrical instability); however, in large regions of brain 
oxidative metabolism is reduced to a critical threshold 
with critically low rates of cerebral metabolic rate of 
oxygen (CMRO2).365 This reduction, coupled with ongo-
ing low cerebral blood flow following TBI, places viable 
brain tissue at risk.365,366 How the neurovascular bundle 
regulates the delivery of blood flow to regions gripped 
in metabolic crisis in ongoing secondary crisis and how 
to manipulate cerebral blood flow remains an important 
avenue of study in the immature brain.

CEREBRAL PERFUSION PRESSURE AND 
CEREBRAL BLOOD FLOW

In children, developing effective treatments for TBI is com-
plicated by the rapid changing responses of the immature 
brain to each type of brain injury during development 
from infancy through childhood.367,368 Therefore, evalu-
ation of therapies for children with brain injury must 
use immature animal models as a translational pathway 
to human trials in children. Unfortunately, most of the 



principles being used have come from adult clinical stud-
ies and adult aged small animal research. How this evi-
dence translates to the child provides some direction, but 
should catalyze further research focusing on the imma-
ture brain. This is especially true when the practitioner 
must indirectly target metabolic delivery in the face of 
secondary brain injury by attempting to modulate CBF 
and predict regulation or lack of regulation in the neuro-
vascular bundle. Even in the healthy brain, cerebrovas-
cular response (CVR) regulation is complex and poorly 
understood.369-371 To add to this layer of complexity, CVR 
is likely heterogenous following brain injury dependent 
on the mechanisms of injury, age, and even sex. Opti-
mal global CBF is an elusive clinical target, with a lower 
inflection point associated with ischemic injury and an 
upper inflection point associated with hyperemia increas-
ing cerebral blood volume and ICP. In early post-trau-
matic brain injury cerebral, hypoperfusion can contribute 
greatly to secondary brain injury, ultimately increasing 
morbidity and mortality.366,372 In adults, areas of contu-
sions have low cerebral blood flow similar to the ischemic 
penumbral zones surrounding areas of acute ischemic 
stroke.373,374 Low cerebral blood flow states have been 
demonstrated in children by xenon CT scans following 
TBI within 24 hours of the initial injury, but by 48 hours 
these patients had normal or supernormal blood flows.372 
Furthermore, CBF in pediatric patients as a target for 
neuroresuscitation is a theoretical point of manipulation 
because of limited options of continuous measurement in 
the clinical setting; therefore, CPP (Mean arterial pressure 
[MAP] – ICP = CPP) is a commonly used surrogate.

When cerebral autoregulation is impaired, cerebral 
blood flow and the metabolic needs of the injured brain 
may depend on maintaining adequate CPP. The difficulty 
comes in identifying the term adequate. Currently, pediat-
ric CPP thresholds (40 to 60 mm Hg) have been extrapo-
lated from adult experimental and clinical TBI and stroke 
studies.373,375 However, recently it has been reported in 
adults that ischemia following TBI can occur at much 
higher levels of CBF compared with stroke.373 Chambers 
and colleagues376-378 have published much needed age-
specific pediatric thresholds for critical CPP, below which 
cerebral ischemia occurs with unfavorable neurologic out-
comes and increased mortality. These studies identified 
inadequate CPP levels but did not identify an “optimal 
treatment” CPP, and therefore assumed that these CPP 
levels were equivalent to brain injury insult thresholds.

It is not clear whether a CPP of 40 mm Hg is a mini-
mal threshold or that an optimal CPP to prevent brain 
injury may be higher.379 Using currently accepted pedi-
atric CPP guidelines (CPP > 40 mm Hg) might not ensure 
adequate oxygen delivery to brain tissue.380,381 This raises 
the question: is a CPP > 40 mm Hg in the pediatric TBI 
patient high enough? Mild induced hypertension after 
ischemic stroke has shown promise in animal models but 
remains controversial in the clinical setting.382,383 Adult 
TBI studies have observed an increased risk of adult respi-
ratory distress syndrome associated with targeting a CPP 
> 70 mm Hg, but it is unclear how applicable this is to 
pediatric neurocritical care.384,385 A retrospective study of 
146 pediatric TBI patients observed a strong association 
of poor outcome at discharge with hypotension within 
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the first 6 hours of injury.386 The window for treatment 
of hypoperfusion appears to be early after pediatric TBI, 
and may be of relatively short duration in children. It 
is the authors’ belief that early, aggressive intervention 
of blood pressure support especially during early criti-
cal periods, such as initial resuscitation of a patient with 
multiple trauma, intubation, and placement of support 
lines and neuromonitoring devices, is critical to neuro-
resuscitation. Guidelines released in 2012, based on class 
III evidence for pediatric traumatic brain injury, suggest 
that a minimum cerebral perfusion pressure of 40 mm Hg 
should be maintained and that 50 mm Hg for a minimum 
CPP in older children may be required.387 However, data 
regarding large animal models of TBI may support the use 
of higher CPP support (>70 mm Hg) in severe TBI.388

Targeting cerebral perfusion pressure often requires 
vasopressor support. While central venous access should 
not delay administration of vasopressor support, it is 
important to understand the risks of extravasation of these 
infusions and have qualified individuals place central 
venous access as soon as possible to mitigate these risks. 
Initial stabilization of the pediatric TBI patient can occur 
in limited resource environments where complex invasive 
intracranial monitoring might not be available. Early sta-
bilization of cerebrovascular hemodynamics with phen-
ylephrine and targeting a higher MAP or CPP can reduce 
brain injury and improve long-term outcomes. A common 
first-line vasopressor to improve MAP in pediatric brain 
injury is phenylephrine, an α-adrenergic agonist that 
could have little or no effect on cerebral vasculature resis-
tance.389-392 Another vasoactive medication gaining favor 
is norepinephrine (NE). NE primarily targets α-receptors 
for peripheral vasoconstriction, but has additional effects 
on β-receptors increasing inotropy. Now NE is viewed as 
a preferred vasoactive medication, and may provide more 
predictable CPP augmentation when compared to dopa-
mine.393-395 Prathep and colleagues396 have reported that 
adults with isolated traumatic brain injury and cardiac 
dysfunction have a higher incidence of in-hospital mor-
tality. Further research is critical to determine the degree 
of cardiovascular compromise following TBI in children 
and which vasopressor should be considered a first line 
agent in pediatric brain injury and currently should be 
determined by local experience and comfort of use. We 
believe that the next generation of treatments will build 
on the tenets of ischemic neuroresuscitation and combine 
early, directed metabolic neuroresuscitation.397

RESPIRATORY MANAGEMENT IN THE 
BRAIN-INJURED CHILD

Airway Management
The comatose and brain-injured patient is at severe risk 
for respiratory failure owing to loss of airway protective 
reflexes and impaired central regulation of respiratory 
function. In addition, progression of ALI and ARDS can be 
exacerbated by concomitant injuries (pulmonary contu-
sions, aspiration, left ventricular dysfunction or failure, and 
inflammation owing to systemic inflammation following 
trauma or infection) and treatments to improve cerebral 
perfusion (e.g., crystalloid administration, hyperchloremic 
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metabolic acidosis, hypernatremia, and vasopressor therapy).  
It is critical that the physician caring for these patients 
have a neuroprotective plan in place for induction of anes-
thesia and intubation of the trachea, in addition to ade-
quate training and skill to obtain an artificial airway. The 
physician also needs to be adept at ongoing neuroresusci-
tation in the face of progressive lung disease and hemo-
dynamic instability from systemic inflammatory response 
syndrome and increasing mean airway pressures imped-
ing cardiac preload. The initial step in treating the head-
injured pediatric patient is always to promote adequate 
oxygenation and ventilation and to prevent or treat hypo-
tension, thereby limiting ischemia. Criteria for tracheal 
intubation include hypoxemia not resolved with supple-
mental oxygen, apnea, hypercarbia (Paco2 > 45 mm Hg), 
GCS ≤ 8, and an incremental decrease in GCS score greater 
than 3 (independent of the initial GCS) combined with 
clinical correlation, anisocoria greater than 1 mm, cervical 
spine injury compromising ventilation, loss of pharyngeal 
reflex, and any clinical evidence of a herniation pattern or 
Cushing’s triad.398

Induction of Anesthesia and Intubation  
of the Trachea
Patients with neurologic injury are at a frequent risk 
for aspiration of gastric contents during induction of 
anesthesia, because of loss of airway protective reflexes. 
In addition, there is a heightened risk of cervical spine 
injury because of trauma, and most patients will be in a 
cervical collar requiring manual in-line stabilization. The 
goal of tracheal intubation in the neurologically impaired 
patients should be (1) rapid sequence from induction to 
placement of an ETT to reduce the risk of pulmonary aspi-
ration of gastric contents; (2) blunt nociceptive reflexes 
that might further increase ICP or cerebral hypertension 
that may exacerbate intracranial hemorrhage or facili-
tate herniation; (3) maintain adequate, age-appropriate 
cerebral perfusion pressure; and (4) limit ischemia by 
maximizing adequate oxygen delivery and maintaining 
Paco2 in a normal range to ensure appropriate cerebral 
blood flow.399 All patients are at risk for a full stomach 
and cervical spine injury; therefore, intubation should be 
performed using a neuroprotective, rapid-sequence induc-
tion of anesthesia whenever possible. Supplemental oxy-
gen (100%) should be delivered with a facemask to allow 
nitrogen washout from the patient’s functional residual 
capacity to allow sufficient oxygenation prior to tracheal 
intubation attempts. To avoid risk of aspiration of gastric 
contents, bag-valve-mask ventilation should not be used 
unless the patient has signs and symptoms of impending 
herniation or life threatening desaturation events. Out-
side of impending herniation, if bag-valve-mask ventila-
tion is conducted, it is imperative not to overventilate the 
patient’s lungs, decreasing Paco2 and thereby increasing 
cerebral vascular resistance, resulting in decreased cere-
bral blood flow and metabolic delivery in a brain-injured 
patient. A separate health care professional’s sole respon-
sibility is to maintain the child’s neck in a neutral posi-
tion by mild axial traction during airway maneuvers 
to prevent or perpetuate cervical spinal injury. Cricoid 
pressure should be done by a third individual only if the 
individual is appropriately trained in the technique and 
it should be abandoned if it hinders a rapid intubation 
attempt. Orotracheal intubation by direct laryngoscopy 
should be performed, and nasotracheal intubation should 
be avoided because of the potential for direct intracranial 
damage in a patient with a basilar skull fracture.

Because tracheal intubation is a noxious stimulus and 
can increase ICP, appropriate sedative and analgesic med-
ications should be administered during rapid-sequence 
induction. The hemodynamic and neurologic status of 
the patient dictates the choice of agents. Patients usually 
receive lidocaine (1-1.5 mg/kg) intravenously (IV) before 
intubation to help blunt the rise in ICP that occurs during 
direct laryngoscopy.73 For the hemodynamically unsta-
ble patient, the combination of lidocaine, etomidate  
(0.2-0.6 mg/kg), and neuromuscular blockade with 
rocuronium (1 mg/kg) or succinylcholine (1 mg/kg) IV is a 
popular choice. The authors believe that succinylcholine 
may still be an option for rapid sequence intubation (RSI) 
in children who might have a difficult airway because 
of its rapid recovery, as opposed to the nondepolarizing 
intermediate neuromuscular blockade of rocuronium. 
There are several choices for drugs and techniques to use 
for the induction of anesthesia in the critically ill child 
with acute brain injury. In the following sections, we will 
discuss the pros and cons of each anesthetic. It remains 
unclear whether any of these anesthetics have particu-
lar advantages or disadvantages for patients with brain 
injury; all have been implicated in animal studies as neu-
roprotectants and neurotoxins. What is clear is that they 
are essential to the care of these patients, and practitio-
ners should stay current with literature and consider the 
pharmacodynamics of each drug.

Etomidate
Etomidate is a short-acting intravenous drug that pro-
duces sedation, anxiolysis, and amnesia. Side effects 
include respiratory depression, hypotension, myoclonus, 
and adrenal suppression; it should not be used in chil-
dren with suspected adrenal insufficiency and sepsis.400 
Etomidate has the benefits of decreasing ICP by reduc-
tions in CBF and CMRO2 and has the advantage of pro-
ducing less cardiovascular depression than barbiturates 
or propofol, preserving cerebral perfusion pressure.401,402 
These neuroprotective qualities are counterbalanced by 
its ability to increase cerebral vascular resistance by a 
greater magnitude than its reduction of CMRO2 result-
ing in an increased metabolic deficit.403,404 The increased 
metabolic deficit has the potential expand the ischemic 
core and penumbra in brain injured tissue. This increase 
in cerebrovascular tone is attributed to the inhibition of 
nitric oxide synthase by etomidate.405 Particular atten-
tion should also be paid to the rapid recovery of etomi-
date; once the airway is secured, the effects of etomidate 
on consciousness dissipate quickly, principally because 
of the redistribution of the drug from the brain to inac-
tive tissue sites. Recovery of consciousness can take 5 to 
15 minutes, and if rocuronium (paralyzed for approxi-
mately 45 minutes) is used in combination for rapid 
sequence intubation, the patient will need ongoing seda-
tion while paralyzed. The addition of a short-acting opi-
oid such as fentanyl may be necessary especially if the 
patient has concomitant injuries, such as bone fractures. 



An alternative is the combination of lidocaine, fentanyl 
(1-4 μg/kg), and rocuronium. In the hemodynamically 
stable patient, either of the above combination with fast-
acting benzodiazepine, midazolam (0.05-0.2 mg/kg) can 
be added. In addition, the short-acting narcotic fentanyl, 
when used with lidocaine, can decrease the catechol-
amine release associated with direct laryngoscopy.406

Ketamine
Ketamine is a phencyclidine derivative typically formulated 
as a mixture of two enantiomers in a hydrochloride salt 
form. It has a low pH of around 4, which can produce pain 
at the injection site when administered intramuscularly or 
intravenously. Ketamine is an N-methyl-d-aspartate antag-
onist that produces increases in CBF and CMRO2.407,408 
Early studies in patients with obstructed CSF pathways 
reported that ketamine administration increased ICP with 
reductions in CPP.409,410 Recent studies in adult patients 
with severe head injury have demonstrated improvements 
in cerebral perfusion pressure and minimal increases in ICP 
with ketamine.411-413 One recent report of 30 intubated 
pediatric patients with head injury observed that single 
doses of ketamine lowered ICP without producing decreases 
in blood pressure or cerebral perfusion pressure.414 It is still 
unclear what ketamine’s effect is on neurologic outcome 
in these patients or in patients in whom ventilation is not 
being tightly controlled. However, ketamine can possibly 
be used in the brain-injured patient, especially in patients 
with multiple trauma and if etomidate is not indicated.

Propofol
Propofol is a short-acting, sedative-hypnotic intravenous 
agent that can be used to provide moderate or deep seda-
tion. Propofol can induce a deep state of sedation rapidly, 
provide a short duration of effect, and have a pleasant 
recovery phase. Propofol is a popular agent for sedating 
pediatric patients with neurologic conditions for non-
invasive diagnostic imaging, such as a CT scan or MRI. 
Because of the fast onset and recovery following adminis-
tration, repeated neurologic examinations are easy, such 
as assessing a child with sickle cell disease who comes in 
with altered mental status because of a stroke. Propofol 
also has anticonvulsant properties and reduces ICP, which 
can be advantageous in sedating a patient with epilepsy 
or a patient with concerns for obstructive hydrocephalus 
owing to a malfunctioning ventriculoperitoneal shunt to 
obtain diagnostic neuroradiologic imaging.415 While there 
have been cases of propofol providing adequate sedation 
and successfully treating intracranial hypertension,415,416 
several pediatric traumatic brain injury case reports have 
reported metabolic acidosis and death in patients on pro-
longed (24 hours) continuous infusion of propofol.417-421 
Furthermore, a rare but potentially fatal “propofol infu-
sion syndrome,” associated with lactic acidosis, hyper-
lipidemia, and multiple-organ system failure was first 
described in pediatric patients who received prolonged 
(24 hours) continuous infusion and with larger dosages 
(>4.5 mg/kg/hr).422 Current guidelines suggest, that in the 
care of pediatric traumatic brain-injured patients, “con-
tinuous infusion of propofol is not recommended.”423 
Adverse effects of propofol include pain at the injection 
site, apnea or respiratory depression, hypotension, and 
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bradycardia, which can be detrimental in a patient at risk 
for brain ischemia. If used, particular attention should 
be paid to the decrease in mean arterial blood pressure 
with the administration of propofol. Intravenous crystal-
loid boluses and vasopressor administration will likely be 
needed to counteract the effects of propofol to maintain 
proper cerebral perfusion pressure and avoid ischemic 
insult. Propofol does not provide any analgesia.

Dexmedetomidine
Dexmedetomidine, a centrally acting α2-adrenergic ago-
nist, is approved by the U.S. Food and Drug Administra-
tion for short-term (<24 hours) continuous IV sedation 
of adults who are tracheally intubated.424 Like propofol, 
it has a rapid onset and a relatively rapid elimination 
half-life and is administered as a loading dose followed 
by continuous IV infusion. One of the advantages is 
that it provides sedation with a lower risk of respiratory 
depression than many other sedative medications. There 
is increased interest with this agent as a sedative during 
noninvasive neuroradiologic imaging studies in children 
who are not intubated. In one study, dexmedetomidine 
was compared to propofol in children undergoing mag-
netic resonance imaging studies.425 While the onset of 
sedation and recovery time were significantly shorter in 
the children that received propofol, hypotension, respi-
ratory depression and desaturation were more common 
compared to the children receiving dexmedetomidine.425

There is increased interest in the use of dexmedetomi-
dine as a sedative and potential neuroprotective agent in 
both adults and children, as animal studies revealed neu-
roprotection from hypoxia-ischemia and decreased apop-
tosis. Also, adult human studies in healthy volunteers 
demonstrated parallel decrease in cerebral metabolic rate 
for oxygen and cerebral blood flow, which may poten-
tially be helpful in briefly sedating patients who are at risk 
for intracranial hypertension such as head trauma, brain 
tumor, or obstructive hydrocephalus.426 In pediatric TBI 
case reports, no detrimental effects on ICP were observed. 
Systemic hypertension was observed in one child who 
was receiving dexmedetomidine with other sedatives, and 
bradycardia was observed in two other children who were 
receiving dexmedetomidine, other sedatives, and therapeu-
tic hypothermia.427,428 Further study is warranted for the 
potential use of this agent in children at risk for intracra-
nial hypertension. The most common adverse side effects 
of dexmedetomidine appear to be cardiovascular. Brady-
cardia with rare reports of sinus pause or cardiac arrest has 
been reported. Hypotension and hypertension have been 
reported, the latter thought to be due to peripheral α2B 
agonism with peripheral vasoconstriction. Mild respiratory 
depression is likely. Although ICP does not increase, cere-
bral perfusion pressure and cerebral blood flow decrease. 
The effects on seizure threshold appear to be mixed.429 The 
authors do not recommend dexmedetomidine as an anes-
thetic to induce anesthesia; however, it may be a useful 
agent for patients with brain injury and ongoing sedation 
needs. Further study in pediatric patients is needed.

After Tracheal Intubation
After successful tracheal intubation, oxygen saturation of 
100%, normocarbia (35-39 mm Hg confirmed by arterial 
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blood gas and trended with an ETCO2), and a chest 
radiograph showing the tracheal tube in good position 
above the carina (right mainstem tracheal intubation is 
common in pediatrics) should be confirmed. Unless the 
patient has signs or symptoms of herniation, prophy-
lactic hyperventilation (Paco2 < 35 mmHg) should be 
avoided. Hyperventilation causes cerebral vasoconstric-
tion, which decreases cerebral blood flow and subsequent 
cerebral blood volume; this will decrease ICP but can 
lead to ischemia.430 In the presence of signs and symp-
toms of herniation, such as Cushing triad (irregular res-
pirations, bradycardia, systemic hypertension), pupillary 
dysfunction, lateralizing extremity weakness, or extensor 
posturing, hyperventilation with 100% oxygen can be a 
life-saving maneuver. Hyperoxia is to be avoided, once a 
stable airway is obtained, and Fio2 should be titrated to 
maintain Sao2 greater than 90%. Elevating the head to 30 
degrees (with cervical spine precautions) increases venous 
drainage and decreases ICP.431,432 Furthermore, the head 
should be midline to prevent obstruction of venous 
return from the brain. If these maneuvers do not relieve 
the signs and symptoms of herniation, then additional 
sedative and analgesic agents can be administered as long 
as hypotension is avoided.

Supraglottic Airway Devices
While supraglottic airways are not considered a per-
manent airway in critically ill patients, competency in 
placement is critical for all individuals participating in 
resuscitation of a brain-injured child. Supraglottic airway 
devices, such as an LMA device, can be life-saving. When 
there is difficulty with direct laryngoscopy and inad-
equate bag-mask-ventilation (BMV), an LMA should be 
placed to limit hypoxia and control ventilation until a 
physician with advanced airway skills can arrive to place 
an ETT.

Postintubation Stabilization
After successful intubation of the trachea, inspired oxygen 
should be titrated to maintain oxygen saturation greater 
than 90% and normocarbia (35-39 mm Hg) confirmed by 
analysis of ABGs and trends followed with ETCO2. If her-
niation is impending, then moderate hyperventilation 
(to 30-35 mm Hg) and confirmation of ETT position with 
a portable chest radiograph430 can be performed. The 
head of the bed should be elevated to 30 degrees, and the 
patient’s head should remain mid-line to improve venous 
drainage and lower ICP.431

Neurologic Monitoring  
(Also see Chapter 49)
Recent guidelines published by Kohaneck and associates 
provide an update on treatment for infants, children, and 
adolescents with TBI433 (see also Chapter 49). ICP increases 
when the intracranial volume of one of the four compart-
ments (CSF, blood, brain, and supporting tissues) within 
the cranial vault increases. An increase in one compart-
ment can occur without raising ICP if an equal volume 
is displaced from another compartment. When displace-
ment is no longer possible, ICP rises in proportion to the 
added volume. In older children and adults who have a 
rigid calvaria, the cranial cavity is a closed container, and 
the contents are noncompressible. With patients with a 
GCS score of 8, there is grade III evidence to place an ICP 
monitor.433 Treatment of ICP should be considered when 
pressure is greater than 20 mm Hg; however, absolute goals 
are unclear, and intermittent increases in ICP greater than 
20 mm Hg may be associated with autonomic instability. 
Chestnut and associates434 have recently reported in a 
randomized control trial comparing intracranial monitor-
ing with a strategy of imaging and clinical examination 
in adults with severe TBI. While aspects of the study and 
recent evidence in adult severe TBI calls into question the 
utility of treating an ICP goal of 20 mm Hg, these goals 
should likely be used as a component of multimodal mon-
itoring.377 The most common monitor used in TBI as an 
adjuvant monitor for multimodal monitoring (MMM) is 
brain tissue oxygenation (Licox, Integra); however, brain 
tissue oxygen monitoring is also used in children with 
severe TBI.381,435 If brain tissue oxygenation is used, main-
tain partial pressure of brain tissue oxygen greater than 
10 to 15 mm Hg. It is unclear how multimodal neuro-
logic monitoring, both invasive (brain tissue oxygenation, 
microdialysis, cerebral blood flow, intracranial EEG) and 
noninvasive, should be considered for advanced neuro-
resuscitation, but studies including the one by Chestnut 
and associates434 prove that future research is critical to 
understanding the mechanisms, timing, and monitoring 
of the brain to limit secondary injury.

Adjuvant First- and Second-Tier Therapies 
for Intracranial Hypertension and 
Secondary Injury
In the 2012 guidelines,433 the use of hypertonic saline for 
intracranial hypertension is grade II evidence and should 
be considered to reduce ICP in pediatric TBI. Use of 3% 
saline to treat increased ICP is gaining in popularity,436 
because the sodium does not cross the blood-brain bar-
rier quickly and it has an osmolar gradient similar to that 
of mannitol. Three percent saline has additional theoreti-
cal beneficial effects, including enhancement of cardiac 
output, reduction of inflammation, restoration of normal 
cellular resting membrane potential and cell volume, and 
stimulation of the release of atrial natriuretic peptide. 
The recommended dosing is 6.5 to 10 mL/kg intravenous 
bolus, but the practitioner may consider starting with 
small boluses and titrate to pharmacodynamics response. 
Repeated doses can be given, but it is recommended to 
keep serum osmolality less than 320 mOsm/L. Prophylac-
tic hyperventilation less to a Paco2 less than 30 mm Hg 
should be avoided. Mannitol reduces ICP by decreasing 
blood viscosity and transiently increasing CBF and oxy-
gen transport. The adenosine concentration decreases, 
and CBF is maintained in areas that have intact autoregu-
lation. CBF remains constant despite a decrease in cere-
bral blood volume and ICP. Mannitol also reduces ICP 
by withdrawing water from the brain parenchyma and 
excreting the water as urine.437 It takes 20 to 30 minutes 
for this osmotic effect of the drug to develop. Intermittent 
boluses of 0.25 to 1 g/kg of mannitol are administered 
intravenously to control ICP. The drug eventually enters 
the CSF and can increase ICP. Barbiturates should only 
be considered for refractory intracranial hypertension. 



There is no evidence to recommend tight glucose control 
in head-injured patients, nor is there evidence suggesting 
the use of immune-modulating diets at this time. There 
is grade II evidence to suggest that antiepileptic therapy 
should be initiated in patients with severe traumatic brain 
injury. In the authors’ institution, it is standard practice 
to place continuous EEG monitoring and start prophylac-
tic levetiracetam. Elevating the head of the bed 30 degrees 
while keeping it in the midline position enhances cere-
bral venous outflow. Even slight movement of the head 
to a few degrees off midline can double the ICP.

Hypothermia for Severe Traumatic  
Brain Injury
Hutchinson and colleagues438 published a multicenter 
randomized controlled trial to investigate the use of 
hypothermia as a neuroprotective strategy in children.8 
This trial concluded that in children with severe TBI for 
whom therapeutic hypothermia (32.5° C for 24 hours)  
was initiated within 8 hours of injury, there was no 
improvement in neurologic outcome, and the hypother-
mic group had an increase in mortality. Subsequent anal-
ysis of this study suggests that the hypothermia group 
had a significant increase in hypotension and decreased 
cerebral perfusion pressure that might have contributed 
to the increase in mortality.439 A second phase 3 random-
ized control trial was initiated to compare hypothermia 
and normothermia after severe TBI in children with a pro-
longed hypothermia window (48-72 hours) and a slower 
rewarming phase.440 The study was terminated early for 
futility after interim analysis; therefore, it is believed that 
normothermia is the current standard of care for TBI in 
children.

Decompressive Craniectomy
In the 2012 guidelines,433 there is grade III evidence 
to suggest that decompressive craniectomy with dura-
plasty can be considered for pediatric patients with TBI 
who display early signs of deterioration, herniation, or 
refractory hypertension. Currently, there is an ongoing 
study in adults to investigate surgical decompression for 
severe TBI.

Environment
Care of patients with TBI within an organized trauma 
center has been shown to reduce mortality associate with 
severe injury.441 Unfortunately, most severe TBIs occur in 
regions lacking in prehospital and advanced care in an 
intensive care unit.442 Critically injured children with TBI 
should be stabilized and transferred to a level 1 trauma 
center as soon as possible.

HYPOXIC-ISCHEMIC ENCEPHALOPATHY

There is little evidence that increased ICP or correction 
of ICP alters the outcome of patients with hypoxic-isch-
emic encephalopathy. The clinical impression is that the 
outcome is less favorable in patients who have trauma 
or metabolic encephalopathy and that aggressive man-
agement of ICP, at best, prevents further CNS damage, 
which is important.443 The GCS score provides a reason-
able assessment of neurologic function in these patients.
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HYDROCEPHALUS

Another cause of increased ICP is an increase in CSF vol-
ume (i.e., hydrocephalus). Common causes of hydroceph-
alus include obstructed ventricular shunts, aqueductal 
stenosis or compression as a result of congenital malfor-
mations, infection, posterior fossa tumors, or intracra-
nial bleeding. Inserting an external or internal shunt to 
reduce the volume of CSF can be lifesaving.

TUMORS

Brain tumors are common in children, and approxi-
mately 70% of them occur in the posterior fossa. The 
most common tumor type is astrocytoma. The initial 
symptoms can include focal deficits, ataxia, or symptoms 
of increased ICP. A change in condition following tumor 
resection requires an immediate neurologic evaluation 
and possibly a brain CT scan. After a posterior fossa cra-
niectomy, hemorrhage into the posterior fossa can com-
promise respiration. If an externalized ventricular drain 
is present, then output should be carefully inspected. 
Postoperatively the patient should be followed closely 
for syndrome of inappropriate antidiuretic hormone 
secretion (SIADH), diabetes insipidus, and cerebral salt 
wasting. SIADH usually occurs within 24 to 48 hours fol-
lowing surgery and results in the retention of free water 
and a decrease in serum electrolytes, which can rapidly 
worsen cerebral edema. Central diabetes insipidus (DI) 
usually follows the removal of a suprasellar tumor and 
results in significant diuresis when antidiuretic stores 
are exhausted, with a resulting increased serum osmolal-
ity and a low urine osmolality and urine specific gravity 
(<1.005). DI is part of a typical triphasic (SIADH to DI 
to SIADH) response following suprasellar surgery and is 
treated with volume replacement and a vasopressin infu-
sion may be required.

STATUS EPILEPTICUS IN CHILDREN

Status epilepticus is a continuous motor seizure that lasts 
for more than 20 minutes or a series of seizures with-
out intercurrent awakening. Although it is common for 
physicians to never find a cause of the seizures, the most 
commonly diagnosed causes are infections (meningitis or 
encephalitis) and metabolic abnormalities (toxins, head 
trauma, and hypoxic and ischemic injury). Because sei-
zure activity increases with status epilepticus, brain and 
skeletal muscle metabolism and oxygen consumption 
increase and place the child at risk for cellular hypoxia. 
During a seizure, airway obstruction and ineffective chest 
wall and diaphragmatic excursion can limit ventilation 
and worsen arterial hypoxemia and hypercapnia. Treat-
ment of a seizure begins with establishing a patent airway, 
administering oxygen, and ensuring adequate ventilation. 
Intravenous anticonvulsant drugs are given to stop the sei-
zure. Commonly used anticonvulsants include lorazepam, 
phenobarbital, paraldehyde, and phenytoin. Lorazepam is 
a rapid and reliable drug used to stop seizures. Boluses of 0.1 
mg/kg are given intravenously or rectally when there is no 
intravenous access. Phenobarbital, 5- to 10- mg/kg boluses 
(maximal dose of 20 mg/kg), also stops seizures. The main 
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complication of lorazepam is respiratory depression when 
administered in high doses. Giving both phenobarbital and 
lorazepam together exaggerates the respiratory depression. 
Fosphenytoin is also given intravenously in doses of up to  
20 mg/kg and should be administered slowly to avoid 
cardiovascular depression. Paraldehyde (0.3 mL/kg) can 
be given rectally. Finally, an intravenous injection of 1 
to 4 mg/kg of sodium thiopental stops most intractable 
seizures; higher doses of the drug can cause apnea, and 
the risk of vomiting and aspiration of gastric contents is 
real. Further, there may be future difficulty in obtaining 
sodium thiopental. Once the seizures are under control, 
the cause of the seizures must be determined.

RENAL SYSTEM

Functional Development  
of the Renal System
Embryologic development of the renal system begins in 
the middle of the third week of gestation with develop-
ment of the pronephric tubules. By 10 weeks’ gestation, a 
functioning kidney and collection system exist, and fetal 
urine is discharged into the bladder. At 32 to 36 weeks’ 
gestation, each kidney has a full complement of neph-
rons. Because the placenta is the major excretory organ 
of the fetus, renal growth is not governed by functional 
requirements. Renal growth increases linearly with body 
weight and body surface area during the third trimester of 
pregnancy. The glomerular filtration rate (GFR) increases 
rapidly from 28 to 35 weeks’ gestation. At term, the 
GFR is 10 mL/min/m2 and increases to 20 mL/min/m2  
by 2 weeks of age. Although the GFR of premature infants 
is lower, the rate of increase is the same as that in a term 
infant.444 Tubular function is not fully mature in full-term 
newborns. The newborn kidney is sensitive to antidiuretic 
hormone (ADH) and vasopressin, and urine osmolarity 
can vary from 50 to 780 mOsm/L.445 The tubular function 
of premature infants is less mature.

The newborn’s renal threshold for bicarbonate is 
approximately 20 mEq/L, which means that standard 
acid-base nomograms do not apply to infants because 
their serum bicarbonate concentration of 20 mEq/L is not 
indicative of metabolic acidosis. The renal tubular glucose 
threshold of term infants is similar to that of adults, but 
it is only 125 to 150 mg/dL in premature infants. A full-
term infant has 1% or less fractional excretion of sodium 
by the third day of life. Fractional excretion of sodium 
can be much higher (5%) in premature infants. Renin, 
angiotensin, and aldosterone concentrations are high in 
newborns and decrease over the first few weeks of life.

Assessment of Renal Function
In the resting state, the kidney receives 20% to 25% of the 
cardiac output, and because of autoregulation the kidney 
maintains near constant renal blood flow and glomeru-
lar filtration rate. Creatinine is an end product of skeletal 
muscle catabolism and is excreted solely by the kidneys, 
and blood urea nitrogen is a byproduct of protein metab-
olism. Values for BUN can increase independent of renal 
function because of dehydration, high protein intake, 
and degradation of blood from the GI tract.
Renal Pharmacology
An important aspect of critical care is the maintenance of 
appropriate fluid balance in the critically ill child. Even in 
patients who have normal renal function, such as patients 
with ARDS, chronic lung disease, or CHF, diuretics are 
often used to limit lung edema and to help with car-
diorespiratory dysfunction. The ascending loop diuretic 
furosemide is likely one of the most widely used drugs in 
pediatric intensive care. Furosemide reaches the ascend-
ing loop of Henle by the way of the tubular fluid. A pre-
scribed starting dose of furosemide is typically 0.5-1 mg/kg  
up to approximately 10 mg total dose for patients who 
are naive to diuretic therapy. The smallest dose necessary 
to increase urine output should be used, to limit toxic-
ity, including electrolyte imbalance and ototoxicity.446 
With progressive renal dysfunction, escalating doses of 
furosemide may be required to maintain the same clinical 
response. Electrolyte and renal function need to be moni-
tored frequently, because diuretic therapy frequently 
causes significant hypokalemia and hypochloremia, as 
well as other electrolyte wasting. Furosemide is albumin-
bound and in low albumin states, often found in criti-
cal illness, the delivery of furosemide to renal secretory 
sites is decreased. Improved delivery and diuresis is often 
improved with the administration of 25% albumin just 
before or with the diuretic. The typical dose is 0.5-1 g albu-
min/kg body weight. Additional diuretics acting at other 
locations such as hydrochlorothiazide (distal tubule) are 
often used as adjuvant medications to improve diuresis. 
The drug spironolactone, which blocks the hormone 
aldosterone, is a weak diuretic but may prevent spare 
potassium loss. Failure of increasing amounts of diuretics 
to be effective likely represents worsening renal perfusion 
and or renal failure.

Renal Failure
Acute renal failure is defined as an abrupt, often tempo-
rary loss of renal function (see Chapters 72 and 74), where 
there is insufficient removal of nitrogenous wastes and 
problems with fluid and electrolyte balance. Acute renal 
failure is described by: (1) the area of obstruction (prer-
enal, postrenal (obstructive), or intrinsic renal disorders) 
and (2) the urine volume (oliguria, polyuria, and anuria). 
Urine composition is often altered, and fluid, electrolyte, 
and acid-base disorders are common in acute renal fail-
ure. Common causes include hypoperfusion, obstruction, 
toxins, drugs, inflammation, and autoimmune disorders.

Prerenal causes are common in critically ill children 
because of systemic hypoperfusion and reduced renal 
blood flow, resulting in reduced urine output, azotemia, 
and ischemic renal damage. Azotemia is the term for 
the accumulation of nitrogenous byproducts of protein 
metabolism. Intravascular fluids in the case of dehydra-
tion or fluids and inotropic support may be needed to 
reverse prerenal renal failure. The adequacy of circulat-
ing blood volume is assessed by CVP and cardiac output 
measurements and by estimating renal blood flow with 
Doppler flow studies or nuclear imaging techniques.

Intrinsic renal failure is caused by disorders of the 
renal glomeruli, tubules, or blood vessels. Glomeru-
lar diseases include hemolytic-uremic syndrome (HUS), 
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ststreptococcal glomerulonephritis, Henoch-Schönlein 
rpura, and other inflammatory and immune complex 
eases. Acute tubular injury is most commonly caused 
 hypoxia and ischemia; other causes are rhabdomy-
sis, sepsis, hyperthermia, hemolysis, and a myriad of 

phrotoxins, including mercury, carbon tetrachloride, 
d ethylene glycol.
Postrenal obstruction of urine flow can occur anywhere 
thin the collecting system, but it occurs most com-
nly as a partial obstruction of the bladder neck or the 

eterovesical or ureteropelvic junction. All these malfor-
tions cause obstructive nephropathy and renal injury 

 renal failure. Signs of obstruction may be subtle and 
uire radiologic, ultrasonic, or endoscopic evaluation 

 detect. Recurrent urinary tract infections are frequent 
nical manifestations of obstructive lesions.447 Vascular 
eases, including arterial embolism, venous thrombosis, 
d congenital malformations, are also causes of acute 
al failure.

perkalemia and Abnormalities of Sodium
ith increasing renal dysfunction, there is a continued 
crease in excretion of potassium. Hyperkalemia can 
d to life-threatening cardiac arrhythmias and requires 
mediate treatment. Electrocardiographic presentation 
monstrates a peak in the T wave at moderately elevated 
tassium levels. As hyperkalemia increases, there may 
 ST segment depression, and widening of the QRS com-
x, leading to conduction abnormalities, bradycardia, 

ntricular fibrillations, or asystole. Treatment includes 
oval of exogenous potassium administration should 

 discontinued immediately, and calcium in the form of 
travenous CaCl (10 to 20 mg/kg) or CaGluconate (30 to 
 mg/kg) to stabilize the cardiac cell membrane. Intra-
nous sodium bicarbonate (1 to 2 mEq/kg) will drive 
tassium into the intracellular fluid by increasing blood 
. Glucose and insulin also drive K+ into cells. Glucose 

given as 1 to 2 g/kg IV with insulin 1 unit per 4 g of glu-
se IV If the patient is intubated increasing respiratory 
e makes blood more basic driving K+ into the cells. It is 
portant to note, that none of these efforts will remove 
tassium from the body. Prior to the initiation of dialy-
, potassium removal may be attempted with the ion 
change resin Kayexalate, a sodium polystyrene sulfate, 
ich can bind potassium. It is given orally or rectally 

 suspension, but does require excretion from the body. 
e dose is 1 g/kg orally, and it can be given every 6 
urs; rectally it can be given every 2 to 6 hours. The 
ema route is less effective than oral administration.
Severe hyponatremia and hypernatremia can be 
other electrolyte disturbance seen in the critically ill 
ild. Hyponatremia can present with seizure activity, 
en when serum sodium is less than 120 mEq/L. In the 

esence of hyponatremic seizures, the initial treatment 
the administration of 3% hypertonic saline with a goal 
 terminate seizure activity and raise serum sodium to 
ater than 124 mEq/L. However, in the absence of sei-

res, if a patient reached this low value slowly it has to 
 corrected slowly, to potentially avoid osmotic demy-
nation. The same condition applies to hypernatremia. 
pid correction of elevated serum sodium is likely more 
rmful than the value itself.
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enal Replacement Therapy
enal replacement therapy may be required to improve 
ngoing fluid shifts and significant electrolyte distur-
ance. Usual indications for dialysis are shown in Box 
5-4. Modalities for renal replacement therapy are com-
only peritoneal dialysis, hemodialysis, or continuous 

enovenous dialysis. Modality often depends on the size 
f the patient and the experience and resources of the 
stitution.
Peritoneal dialysis (PD) has the benefits of being rela-

vely low cost, causing less hemodynamic compromise 
ompared with venovenous filtration, requiring no cen-
al venous line, and being technically simpler. This 
chnique is especially effective in infants and smaller 

hildren. Peritoneal dialysis requires the insertion of a 
oft, multihole catheter into the peritoneal cavity. When 
atency of the catheter is confirmed, a dialysate solution 
 infused that equilibrates with plasma and extracellular 
uids. The parietal and visceral surfaces function as semi-
ermeable dialysis membranes. The composition of the 
ialysis fluid is similar to that of plasma and consists of 
pproximately 130 mEq/L of sodium, 100 mEq/L of chlo-
de, 35 mEq/L of acetate or lactate as a buffer, 3.5 mEq/L  
f calcium, and 1.5 mEq/L of magnesium. The glucose con-
entration of the solution can be isosmotic or hyperosmotic. 
yperosmotic solutions remove fluid and electrolytes. 
espiratory compromise can occur with peritoneal dialysis 
ecause the increased abdominal pressure caused by the 
ialysate in the abdomen can prevent effective spontaneous 
entilation. Mechanical ventilation will be required if this 
ccurs. Bacterial or fungal peritonitis is common. Severe 
ehydration, circulatory collapse, and metabolic derange-
ents are other complications of peritoneal dialysis.
The principles of hemodialysis are essentially the same 

s those of peritoneal dialysis, except the blood inter-
ces with a semipermeable membrane rather than with 
e peritoneum. Hemodialysis is more appropriate in 
e acute setting with life-threatening electrolyte distur-

ances, fluid overload, and toxic ingestions. Hemodialysis 
 more efficient than peritoneal dialysis. Hemofiltration 
nd ultrafiltration is a process of convective solute trans-
ort. An ultrafiltrate of plasma is created by hydrostatic 
ressure exerted across a highly permeable membrane, 
ith simultaneous blood volume replacement with mod-
ed lactated Ringer solution.448 Continuous venovenous 
emofiltration (CVVH) is a common form of CRRT, which 

 1.  Severe hyperkalemia
 2.  Metabolic acidosis unresponsive to therapy
 3.  Fluid overload with or without severe hypertension
 4.  Fluid overload with or without congestive heart failure
 5.  Uremia causing encephalopathy, pericarditis, or bleeding
 6.  Nonobstructive anuria
 7.  Inborn errors of metabolism
 8.  Certain drug overdoses
 9.  Significantly elevated (>100) blood urea nitrogen possibly a 

relative indication
 10.  Potential treatment can reduce inflammation with sepsis or 

systemic inflammatory response syndrome

BOX 95-4 Indications for Dialysis
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provides isotonic fluid removal but minimal solute clear-
ance; however, these circuits can be easily converted to 
perform dialysis, termed continuous venovenous hemodialy-
sis, providing more solute clearance. In smaller patients, 
accurate flow rates are important when more than 15% 
of the patient’s circulating blood volume can be in the 
CVVH tubing. Furthermore, technical challenges occur in 
smaller patients because of flow characteristics of smaller 
dialysis catheters. Hemodialysis can be performed with 
two separate 5-French single-lumen catheters, but typi-
cally a dual-lumen 7-French catheter at a minimum is 
required. Anticoagulation for CVVH can be either with 
heparin or with regional citrate administration. Citrate 
can be given in a stopcock before the machine, which cre-
ates a regional area of hypocalcia in the circuit, leading to 
relative anticoagulation in the circuit, while intravenous 
calcium is given back to the patient via a central line. The 
use of regional anticoagulation with citrate avoids the 
concerns of systemic anticoagulation, and it can reduce 
the risk of systemic bleeding

Renal Failure Outcomes
The prognosis with acute renal failure depends on the 
patient’s age, underlying disease, and the extent of the 
precipitating insult (see also Chapter 23). In general, 
children fare better than adults; in fact, children usually 
recover completely from a renal insult if the hypoxia or 
ischemia lasted only a short time and other organ sys-
tems are not involved. Children with chronic renal fail-
ure require long-term outpatient peritoneal dialysis or 
hemodialysis until they can undergo renal transplanta-
tion.449 It has been demonstrated that the degree of fluid 
overload at initiation of CRRT is associated with patient 
mortality.124 This has been found to be independent of 
patient severity of illness scoring.

Hemolytic-Uremic Syndrome
Hemolytic-uremic syndrome (HUS) is one of the most 
common causes of acute renal failure in children. This syn-
drome is characterized by microangiopathic hemolytic ane-
mia, thrombocytopenia, and acute renal injury. In North 
America, HUS is most often associated with infection by 
cytotoxin-producing Escherichia coli O157, but other sero-
types and other Shiga-like toxin–producing bacteria have 
been implicated.450 E. coli O157 resides in the intestinal 
tract of cattle, and it can contaminate beef during process-
ing.451 The organism is killed by cooking. Infections can 
be spread by person-to-person contact in daycare centers, 
institutions, and the military. There is also a familial form 
of the disease that accounts for a small percentage of the 
total cases. HUS is seen predominately in 0.5- to 4-year-
old children, but it can occur in all age groups.170 It shares 
many laboratory and clinical features with the adult dis-
ease, thrombotic thrombocytopenic purpura. In fact, some 
investigators consider the two disorders a continuum of 
the same disease. The abnormalities that develop in HUS 
are believed to be caused by cytotoxins and lipopolysac-
charide, a bacterial endotoxin. Toxin-induced damage to 
renal endothelial cells, the vasculature, and other organs 
is directly or indirectly associated with the activation of 
leukocytes.452 Cytokines such as interleukin-1 and tumor 
necrosis factor, prostaglandin I2, thromboxane A2, and von 
Willebrand factor multimers probably play a role in the 
pathogenesis of this disease.453 The time from exposure 
to the organism to initial presentation and evaluation of 
the patient varies from 3 to 12 days. Symptoms last for 
approximately 1 week. Patients usually have abdominal 
cramping, bloody diarrhea, tenesmus, and vomiting.454 On 
average, approximately 10% of children with E. coli O157–
induced bloody diarrhea progress to HUS. Mildly affected 
patients exhibit anemia, thrombocytopenia, azotemia, and 
decreased urine output and have an uncomplicated course. 
In severely affected patients, anuria is common, hyperten-
sion and seizures can occur, and the duration of illness is 
prolonged. A small number of children exhibit progressive 
and permanent renal insufficiency, severe and recurrent 
hemolysis, thrombocytopenia, and neurologic impair-
ment. Hematologic abnormalities include hemolysis and 
thrombocytopenia. Hemolysis often causes hyperbiliru-
binemia and, despite reticulocytosis, severe anemia with 
hemoglobin concentrations of 4 to 5 g/dL. Thrombocyto-
penia is the result of platelet destruction and sequestration 
in the liver and spleen.455 The remaining platelets show 
evidence of impaired aggregation.456 Disseminated intra-
vascular coagulation (DIC) is relatively common. Glomeru-
lar capillary endothelial injury is the most consistent renal 
finding in HUS. Acute renal failure with oliguria or anuria 
usually lasts less than 1 week but can linger for more than 
10 weeks.457 Glomerular or arterial injury, or both, may 
predominate, depending on the presence and extent of 
renal insufficiency (glomerular injury) and hemolysis and 
hypertension (arterial injury). CNS abnormalities are man-
ifested as decreased levels of consciousness, seizures, irrita-
bility, ataxia, hypotonia, hemiparesis, hyperreflexia, and 
hallucinations; these problems may be caused by severe 
hypertension, electrolyte disturbances, microthrombi, or 
cerebral edema and increased ICP.458 Abdominal cramp-
ing is common and may be difficult to distinguish from 
intussusception, intestinal stricture or bowel perforation, 
colonic gangrene, or other surgical emergencies.459 Pan-
creatitis is common in patients with HUS. CHF can occur 
if there is fluid overload, hypertension, anemia, or myo-
cardial depression caused by circulating endotoxins. Treat-
ment of HUS is primarily supportive. Meticulous attention 
should be paid to volume status, electrolyte and acid-base 
balance, nutrition, antisepsis, and treatment of hyperten-
sion and coagulopathies. Enteric isolation is mandatory 
to prevent secondary spread of the disease. Accurate fluid 
intake and output measurements and frequent assessment 
of weight and volume status are important for management 
of these patients. A central venous catheter is useful for 
CVP measurements, blood sampling, and administration 
of intravenous medications and nutrition. Nephrotoxic 
drugs should be avoided if possible. If nephrotoxic drugs 
must be given, the drug dose should be adjusted and serum 
concentrations should be monitored closely. Daily fluids 
should be restricted to the amounts required to replace 
insensible losses, urine output, and other ongoing losses. 
Fluids administered should reflect the electrolyte content 
of the fluid losses. Caloric support is essential. Enteral feed-
ings are preferred, but parenteral feeding may be necessary 
if ileus develops. Antidiarrheal medications prolong the 
duration of colitis, and antibiotics may increase the risk for 
HUS.460,461 No specific treatment has been effective to date. 



Heparin, fibrinolytic agents, aspirin, dipyridamole, corti-
costeroids, vitamin E, and furosemide have not affected 
the outcome of HUS.181 Immunoglobulin therapy, plasma-
pheresis, and infusions of fresh frozen plasma have had 
mixed results, but no long-term therapeutic benefit has 
been demonstrated. Dialysis, improved nutrition, and sup-
portive care have decreased the mortality rate from 100% 
in the original report to less than 10% in the last 30 years. 
Mortality rates remain high in developing countries and in 
children with a genetic predisposition for HUS.

ENDOCRINE SYSTEM

ADRENAL AXIS

Abnormalities of the adrenal axis result in deficient or 
excessive production of glucocorticoids, mineralocorti-
coids, or both. Many of these disorders are diagnosed and 
treated as they are in adults. Congenital adrenal hyper-
plasia, pheochromocytoma, and iatrogenic chronic adre-
nal insufficiency will be discussed briefly.

CONGENITAL ADRENAL HYPERPLASIA

Congenital adrenal hyperplasia is an autosomal reces-
sive disorder that is associated with deficiencies in either 
21-, 11-, or 17-hydroxylase. 21-Hydroxylase deficiency in 
children can be partial (simple virilizing form) or more 
complete (salt-losing form). At birth, affected children 
demonstrate masculinization of the external genitalia, 
and those with the more complete deficiency show a pro-
gressive salt-losing state (i.e., loss of sodium and elevation 
of potassium). This condition is usually manifested in the 
first few weeks of life as feeding difficulty, vomiting, and 
failure to thrive. The clinical and historical course is sug-
gestive of pyloric stenosis. If the deficiency is not diag-
nosed and treated early in life, affected children can suffer 
severe cardiovascular collapse. A blood sample should be 
obtained for electrolytes, glucose, and if the diagnosis 
has not been established, adrenocorticotropic hormone 
(ACTH), cortisol, aldosterone, and plasma renin activity.

Treatment requires aggressive support of intravascular 
volume and myocardial function, glucose, and replace-
ment of the deficient hormones. For emergency therapy, 
hydrocortisone acetate is used intravenously at a bolus 
dose of 1.5 to 2.0 mg/kg and then 25 to 250 mg/day in 
divided doses. Mineralocorticoid is replaced with cortisone 
acetate, 0.05 to 0.2 mg/day orally; these patients usually 
require the addition of salt to their diet. Deficiencies of 11- 
and 17-hydroxylase do not result in salt wasting; mascu-
linization and hypertension are the common initial signs.

PHEOCHROMOCYTOMA

Less than 5% of pheochromocytomas are diagnosed in 
childhood. As a rule, these tumors are confined to the 
adrenal medulla, but they can occur anywhere through-
out the sympathetic chain. The clinical signs and symp-
toms of excessive catecholamines are the same as those 
in adults. Preoperative, intraoperative, and postoperative 
therapy is similar to that for adults.
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IATROGENIC CHRONIC ADRENAL 
INSUFFICIENCY

Long-term daily use of steroids for the treatment of 
asthma, nephrotic syndrome, and malignancies is com-
mon. Such use can cause a hypoadrenal state and increase 
the risk for cardiovascular collapse during a severe illness 
or stress. In children, topical steroids can also depress the 
production of ACTH. Replacement of stress-level steroids 
(threefold the daily replacement dose) is required.

ANTERIOR PITUITARY

Panhypopituitarism is usually secondary to a tumor or 
aggressive dissection of a tumor.462 Acute ICU problems 
related to this lesion include support of the adrenal axis 
and abnormalities of ADH.

DIABETES INSIPIDUS

Diabetes insipidus can be of central, renal, or psycho-
genic origin. The central mechanism is the most common 
form in ICU patients. Absence of ADH results in poly-
uria and polydipsia; patients with a severe form of this 
disease might not be able to drink sufficiently to meet 
their requirement, and severe hypovolemia can develop. 
Diabetes insipidus is precipitated by brain tumors, head 
trauma, neurosurgery, and clinical brain death.463,464 
Treatment, in the setting of the ICU, is fluid replacement 
or, if unwieldy, hormone replacement with aqueous vaso-
pressin (Pitressin). The clinical syndrome may be transient 
or chronic. In either case, close supervision of fluid intake 
and output is essential.

SYNDROME OF INAPPROPRIATE SECRETION 
OF ANTIDIURETIC HORMONE

The syndrome of inappropriate ADH secretion is asso-
ciated with hyponatremia and hypoosmolality caused 
by inappropriate urinary loss of sodium and free water 
in patients with normal kidneys. Urine osmolality is 
greater than serum osmolality. This syndrome is pre-
cipitated by a number of mechanisms, including head 
trauma, neurosurgery, meningitis, hypoxia, and any 
major surgical procedure in which there is large-volume 
fluid shifts and fluid replacement.465 This disease is usu-
ally self-limited, and the only real problem occurs if the 
diagnosis is not considered and the level of hyponatre-
mia is low enough to cause CNS dysfunction. Seizures 
are rare unless serum sodium is less than 120 mEq/dL. 
Care should be taken to raise the serum concentration of 
sodium slowly. This syndrome is treated by fluid restric-
tion and, in severe cases, by the infusion of hypertonic 
or isotonic saline.

PANCREAS AND INSULIN  
(ALSO SEE CHAPTER 39)

Hypoglycemia
Hypoglycemia is a common problem in patients in 
the ICU. What constitutes hypoglycemia in children 
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has been disputed. However, it is uncommon to find 
a blood glucose level less than 40 mg/dL in normal, 
nourished premature, or term neonates. The usual 
symptoms of hypoglycemia include tachycardia, dia-
phoresis, weakness, mental clouding, seizures, and 
coma. The causes of hypoglycemia can be subdivided 
into disorders of increased utilization and disorders of 
decreased production. Transient hypoglycemia of the 
newborn is caused by decreased or immature hepatic 
gluconeogenesis, and it self-corrects within hours to 
days. If the hypoglycemia persists, hepatic enzyme 
deficiencies, endocrine problems, or hyperinsulinism 
(i.e., pancreatic cell abnormalities, infants of diabetic 
mothers) must be considered. Other causes of hypogly-
cemia in the neonatal period include sepsis, hypother-
mia, hypoxia, and transplacental exposure to maternal 
hypoglycemic drugs. In older children, hypoglycemia 
is associated with ketotic hypoglycemia,466 hepatic 
enzyme abnormalities, hyperinsulinism, hepatic fail-
ure, and Reye syndrome, and it is a side effect of cer-
tain drugs. Regardless of cause, the initial treatment 
of hypoglycemia is glucose administration. The initial 
dose is 0.5 g/kg given as 50% dextrose in water (D50W). 
This dose should be followed by an infusion of dextrose 
that is sufficient to meet the metabolic requirements of 
the child (see the later section on the GI system).

Hyperglycemia
Hyperglycemia in the pediatric ICU can be separated 
into two main categories with distinct concerns and out-
comes. Patients with type 1 diabetes mellitus are often 
admitted to the ICU, with either initial presentation of 
the disease or those patients with known diabetes who 
are exhibiting recurrent problems of insulin balance. The 
second category of patients with hyperglycemia in criti-
cally ill children are those who develop elevated glucose 
during treatment for their underlying disease process, 
likely because of stress biology.

Diabetic Ketoacidosis
The most serious acute complication of diabetes mel-
litus is diabetic ketoacidosis (DKA), a syndrome of glu-
cose and ketone overproduction and underutilization 
that causes hyperglycemic ketoacidosis (see also Chap-
ter 39). The clinical syndrome includes dehydration 
and hypovolemic shock from hyperglycemic osmotic 
diuresis, compensatory hyperventilation (Kussmaul 
pattern), life-threatening electrolyte depletion, and in 
cases of severe metabolic imbalance, neurologic obtun-
dation, and coma.467 Laboratory evaluation demon-
strates elevated blood glucose concentrations, severe 
metabolic acidosis and compensatory hypocapnia, 
increased osmolality, hyperlipidemia, and a normal or 
low sodium level (usually fictitiously low because of the 
hyperlipidemia). Total-body depletion of potassium 
and possibly phosphate occurs. Levels of both may be 
falsely normal because of the metabolic acidosis.

Treatment of DKA requires careful correction of the 
metabolic derangements with meticulous monitoring 
of the multisystem complications of DKA, as well as the 
complications of therapy. Adequate intravascular vol-
ume is restored with an isotonic glucose-free solution, 
combined with exogenous insulin administration, com-
monly referred to as a two-bag system.468 Regular insulin 
is given as an intravenous infusion of 0.1 U/kg/hr. The 
goal is to decrease blood glucose by 75 to 100 mg/dL/
hr. This infusion is continued until the blood glucose 
reaches 250 to 300 mg/dL, at which time 5% dextrose in 
normal saline (D5NS) is added to the infusate. This regi-
men of simultaneous glucose and insulin infusion can 
be continued until the patient can tolerate oral feed-
ings and routine subcutaneous insulin administration. 
Most clinicians continue the insulin infusion until the 
acidosis is nearly corrected. Potassium concentrations 
should be monitored closely. These children have total-
body potassium depletion, but potassium should not be 
added to any infusion until there is urine output. The 
need for phosphate may be more theoretical than real, 
but in most situations, half the potassium is given as 
a phosphate salt. The severe metabolic acidosis is usu-
ally corrected with volume and insulin administration. 
The use of bicarbonate to correct acidosis is generally 
avoided because bicarbonate can precipitate or worsen 
the child’s neurologic dysfunction. In severe DKA, the 
intracellular volume of brain cells is reduced by hyper-
osmolar dehydration. In an attempt to maintain their 
normal size, brain cells generate osmotically active idio-
genic osmoles (e.g., inositol) that attract more water 
into the intracellular compartment. As systemic rehy-
dration and correction of the hyperosmolar state begin, 
the brain cells may swell until the idiogenic osmoles 
are metabolized or cleared. Consequently, rapid correc-
tion of osmolarity can cause significant brain edema469 
and can also worsen the neurologic dysfunction, which 
may require invasive neuromonitoring.443 The pH of 
the brain is determined by the CSF bicarbonate level 
and by the CO2 content. The CSF CO2 content equili-
brates much more rapidly with the vascular space 
than bicarbonate does; therefore, correcting the sys-
temic acidosis decreases the level of hyperventilation 
and causes a rise in Paco2; if this rise is precipitous, 
the CSF acidosis could worsen before the bicarbon-
ate equilibrates with CSF. Because rapid correction of 
pH is problematic, bicarbonate administration is not 
advocated in DKA unless cardiovascular instability is 
present. Even then, the doses are small. Unfortunately, 
despite careful and slow correction of the hyperosmo-
lar and acidotic state, hyperosmolar coma and fulmi-
nant brain edema can occur.470 The pathophysiology of 
brain swelling in DKA is poorly understood. Subclinical 
brain swelling may be relatively common in children 
with DKA.471 If the swelling is significant, mannitol 
should be administered immediately and therapy for 
intracranial hypertension begun. The goal is to prevent 
secondary injury to the brain.

GASTROINTESTINAL SYSTEM

Gastrointestinal problems in the ICU include organ 
dysfunction and failure from acquired disease and from 
congenital anatomic malformations and dysfunction. 
Delivery of adequate nutrition to critically ill patients 
is necessary.



STRUCTURAL AND FUNCTIONAL 
DEVELOPMENT OF THE INTESTINE

Knowledge of fetal mid-gut development makes it easier 
to understand a number of severe congenital anoma-
lies. Although the intestine begins as a hollow tube, it 
is occluded by 7 to 10 weeks’ gestation by rapidly grow-
ing epithelial cells. The lumen is later reconstituted when 
vacuoles within the epithelial cells coalesce. Some of the 
neonatal intestinal atresias are the result of abnormali-
ties of this recanalization process. At 3 to 10 weeks’ gesta-
tion, the mid-gut lies outside the abdominal cavity, with 
only the hindgut fixed in the left side of the abdomen. 
The gut rotates 270 degrees counterclockwise and reen-
ters the abdominal cavity at 10 weeks’ gestation. If the 
midgut fails to migrate back into the abdominal cavity, 
an omphalocele occurs. Abnormalities in midgut rota-
tion result in abnormal intraabdominal relationships, 
the most important being malrotation and volvulus of 
the intestine.

DEVELOPMENT OF THE LIVER

The liver begins as an outgrowth of the foregut at approx-
imately 3 weeks’ gestation. During fetal life, it is relatively 
large in comparison with the adult liver. Although the 
fetus relies on the maternal liver and placenta for detoxi-
fication and excretory function in utero, the fetal liver 
is necessary for both prenatal and postnatal survival. As 
early as 10 to 12 weeks’ gestation, the fetal liver is involved 
in glucose regulation, protein synthesis, and lipid synthe-
sis and is capable of some drug metabolism. The fetal liver 
contains approximately threefold the amount of glycogen 
as the adult liver, but the glycogen is nearly completely 
released within hours of birth to compensate for inter-
ruption of the placental supply of nutrients.472 It takes 
several weeks for the newborn to reestablish the store of 
liver glycogen, putting the infant at risk for hypoglyce-
mia during this vulnerable period.

CONGENITAL MALFORMATIONS

Gross anatomic malformations are usually diag-
nosed during the first few days of life. Some, such as 
omphalocele, gastroschisis, diaphragmatic hernia, and 
imperforate anus, are apparent on the initial physical 
examination. Others manifest themselves in the first 
few days of life as failure to feed enterally, intestinal 
atresia, microcolon, tracheoesophageal fistula, and 
meconium ileus. Other malformations present difficult 
diagnostic and therapeutic dilemmas after the neonatal 
period. Specific clinical problems are discussed in the 
following sections.

Intestinal Malrotation and Midgut Volvulus
Malrotation of the intestine is caused by incomplete 
rotation of the fetal midgut when the gut migrates into 
the abdominal cavity. This abnormal rotation can cause 
partial or complete duodenal obstruction by peritoneal 
(Ladd) bands or, more importantly, midgut volvulus. The 
mid-gut (duodenum to transverse colon) and its vascu-
lar supply hang on a single pedicle; if the pedicle twists, 
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the entire midgut may infarct. Infants with omphalocele 
almost invariably have associated malrotation of the gut. 
Symptomatic infants and children have signs of high 
intestinal obstruction (bilious vomiting) or signs of an 
acute abdomen, intestinal perforation, and sepsis. Treat-
ment is surgical reduction and fixation of the volvulus 
and resection of nonviable bowel. Postoperative respira-
tory support and total parenteral nutrition are often nec-
essary in infants who were severely compromised before 
surgery.

Meckel Diverticulum
Meckel diverticulum represents persistence of the ompha-
lomesenteric or vitelline duct and is brought to the atten-
tion of the physician because of painless lower GI bleeding. 
The bleeding site is due to ulceration of the bowel mucosa 
caused by secretion of gastric acid. Although usually self-
limited, massive and life-threatening hemorrhage has 
been reported.473 The diagnosis can be difficult to make 
because it is often one of exclusion. The technetium 
pertechnetate isotope scan demonstrates gastric mucosa 
in the diverticulum. Therapy is supportive, but particular 
attention must be paid to blood replacement. Definitive 
therapy is surgical resection.

Hirschsprung Disease
Hirschsprung disease (congenital aganglionic megaco-
lon) is characterized by the absence of parasympathetic 
ganglion cells in the rectum and colon and occa-
sionally in the small bowel.198 Lack of ganglia cause 
narrowing of the distal bowel and distention of the 
normal proximal bowel. The clinical symptoms can be 
relatively minor, with abdominal distention and stool 
retention, or severe, with toxic megacolon, peritonitis, 
and intestinal perforation. Toxic megacolon is usu-
ally manifested in younger children; reported mortal-
ity rates are as high as 75% with toxic megacolon. The 
diagnosis of Hirschsprung disease is occasionally made 
with the history and physical examination. A barium 
enema reveals a narrowed segment with ballooning of 
the proximal part of the bowel. The definitive diagno-
sis is made by finding no ganglion cells on rectal or 
colon biopsy (or both). Treatment of toxic megacolon 
is both supportive (volume reexpansion and antibiotic 
administration) and definitive (surgical decompression 
via colostomy).

Other Intestinal Disorders
Intestinal disorders can cause bleeding, obstruction, 
or inflammation, and there can be secondary prob-
lems such as malabsorption and bowel perforation. GI 
bleeding in children is caused by inflammatory dis-
eases (gastritis), ulcers, varices, or vascular malforma-
tions. Although ulcer disease is an uncommon initial 
complaint in pediatric patients, stress gastritis or stress 
ulcers occur in critically ill children. Prophylactic ant-
acids or an H2 antagonist should be considered. Bowel 
obstruction can be caused by intussusception, twisting 
of the bowel around congenital or postsurgical bands, 
and twisting of the bowel on itself (volvulus). Intussus-
ception is relatively common in the pediatric age group 
and usually occurs in the distal part of the ileum. In 
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only a few cases can a leading point, such as a polyp or 
localized edema (as seen in Henoch-Schönlein purpura) 
be identified. Treatment of intussusception can be sur-
gical or, in patients with no evidence of necrotic bowel, 
with barium, air, or saline enema.474 Inflammatory 
bowel diseases include Crohn’s disease and regional 
enteritis.475 Infectious agents to be considered include 
Salmonella, Shigella, and Yersinia species. These patients 
often have diarrhea, malabsorption (especially lactose 
intolerance), and bloody diarrhea. They also can have a 
toxic acute abdomen.

Necrotizing Enterocolitis
Necrotizing enterocolitis (NEC) is a frequently fulminant 
neonatal disease characterized by ulceration and necrosis 
of the small bowel and colon. Its cause is unknown but 
is probably multifactorial. Prematurity is the greatest risk 
factor for NEC. It is probably due to a combination of 
intestinal ischemia, oral feeding, and pathogenic organ-
isms. Umbilical artery catheters, perinatal asphyxia, 
respiratory distress syndrome, and persistent patent duc-
tus arteriosus have all been implicated.476 The incidence 
of NEC is on the rise, with 1% to 5% of infants in neo-
natal ICUs affected. The most common initial signs are 
feeding intolerance, abdominal distention, and bloody 
stools. Intestinal obstruction, bowel perforation, and 
sepsis may follow. Treatment consists of withholding 
enteral feeding, nasogastric decompression, intravenous 
fluids, hemodynamic support, administration of appro-
priate antibiotics, and surgical exploration if there is 
evidence of an acute abdomen with free air. Peritoneal 
drainage can be helpful for very-low-birth-weight babies 
and for those in extremis.477 Total parenteral nutrition 
is frequently required for several weeks, and intestinal 
obstruction can occur weeks to months after a relatively 
benign course.478

Hepatic Failure
Hepatic failure occurs with chronic or acute liver dis-
ease. Chronic liver failure can be caused by biliary atre-
sia, inborn errors of metabolism (tyrosinosis, Wilson 
disease, galactosemia, cystic fibrosis), or chronic inflam-
matory hepatitis. Children with chronic disease often 
have signs and symptoms of synthetic dysfunction 
(malnutrition, hypoalbuminemia, abnormal coagula-
tion), degradation dysfunction (icterus and hyperam-
monemia), and portal hypertension (hypersplenism 
and varices). Acute liver failure is most commonly 
caused by infectious hepatitis A and B. Evidence of 
bleeding, edema, and other organ dysfunction, includ-
ing identification of liver and spleen size, is sought on 
physical examination. Laboratory evaluation should 
include screening for synthetic function (albumin, 
prothrombin time [PT], partial thromboplastin time 
[PTT]), degradation products (bilirubin, ammonia), 
and liver enzyme concentrations. Hepatic ultrasound, 
radiographic contrast studies, and liver biopsy are indi-
cated on an individual basis. Life-threatening com-
plications of liver failure include acute bleeding and 
cardiovascular compromise (from massive intravascu-
lar hypovolemia caused by fluid shifts) and intracranial 
hypertension from toxic encephalopathy. Treatment 
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is expectant and supportive. A 10% dextrose infusion 
will provide adequate carbohydrate intake. Low-pro-
tein diets minimize ammonia production. Coagula-
tion is supported with vitamin K, fresh frozen plasma, 
and platelets as required. Plasmapheresis with fresh 
frozen plasma and platelets improves coagulation and 
maintains normovolemia. Oral lactulose and neomy-
cin enemas decrease the enterohepatic cycle of ammo-
nia production and absorption.479 Cardiovascular and 
respiratory function should be monitored closely and 
supported as required. The development of intracranial 
hypertension must be anticipated. Serum ammonia 
levels are used to monitor neurologic dysfunction,479 

ut it is unknown whether ammonia is the primary 
NS toxin or whether it is just one of many chemi-
al markers. Steroids have been used for some forms 
f inflammatory hepatitis. Exchange transfusions and 
lasmapheresis have been used to decrease the toxin 

oad,480 but there is no strong evidence that such mea-
ures reduce morbidity and mortality.481 Patients with 
ertain forms of acute hepatic failure, including those 
esulting from toxic and infectious causes, may be con-
idered candidates for liver transplantation.482

xtrahepatic Biliary Atresia
xtrahepatic biliary atresia occurs once in every 8,000 
o 10,000 live births.483 The extent of atresia differs 

from patient to patient and involves variable degrees of 
obstruction or discontinuity of the biliary tree between 
he duodenum and the proximal branches of the hepatic 
ucts. Treatment is surgical (jejunal Roux-en-Y and por-
oenterostomy) and is tailored to the amount of extra-
epatic bile duct present. The Kasai procedure is most 
uccessful in patients operated on before they are 6 to 
 months old. However, this procedure is associated 
ith many acute and chronic complications, including 
epatic failure, ascending cholangitis, and cirrhosis with 
ortal hypertension and varices. Despite these complica-
ions, the Kasai procedure persists because there are not 
nough suitable donor organs.484

iver Transplants
mproved immunosuppressive drugs and surgical 
echniques have increased the success of liver trans-
lantation (see also Chapter 74). For transplantation 
o be successful, the perioperative and postoperative 
eriods require a coordinated approach among sur-
ery, gastroenterology, anesthesia, immunology, and 
he ICU staff. Most of the clinical issues that arise can 
e anticipated. Large blood losses occur and massive 
eplacement therapy is required in the operating room. 
ccordingly, intravascular volume status, renal status, 
nd hematology/coagulation profiles must be closely 
onitored. The immunosuppression required puts the 

atient at risk for infection with both “normal” and 
pportunistic organisms. Surveillance cultures and 
arly aggressive antibiotic therapy are indicated. Sys-
emic hypertension, which appears to be unrelated to 
levated CVP or pulmonary capillary wedge pressure, is 
ue to the antirejection drugs. Many patients require 
ggressive antihypertensive therapy (e.g., hydralazine, 
iazoxide, captopril).485,486



ENTERAL AND PARENTERAL NUTRITION 
FOR THE CRITICALLY ILL CHILD

Nutritional support of a patient in the PICU may be less 
of a concern to health care providers when there are 
neurologic, respiratory, and cardiovascular issues to be 
addressed; however, not addressing the nutritional needs 
of pediatric patients misses an important opportunity to 
improve their care and outcome (see also Chapter 106). 
There are the potential benefits of reduced translocation 
of gut bacteria, reduced constipation, and reduced infec-
tious risks as compared with parental nutrition. Research 
by Khorasani and associates487 published in 2010 in a 
single-center study showed decreased mortality in chil-
dren with burns who received early enteral nutrition 
(8.5%) as compared with late enteral nutrition (12%). In 
a 2012 international multicenter cohort study published 
by Mehta and associates,488 there was a less frequent 
60-day mortality associated with a higher percentage of 
goal energy intake via an enteral route. The consecutively 
enrolled cohort consisted of 500 children aged 1 month 
to 18 years who required mechanical ventilation longer 
than 48 hours in a PICU. Mortality was more frequent 
in the patients who received parenteral nutrition. This 
research demonstrating early enteral nutrition improves 
outcome in critically ill children is further supported by 
the 2013 work of Mikhailov and associates.488 The study 
was a multicenter retrospective study with 12 participat-
ing centers. Pediatric patients aged 1 month to 18 years 
were included if they had a PICU length of stay of 96 
hours or longer, and a total of 5105 patients were identi-
fied. The study defined early enteral nutrition as obtaining 
25% of goal calories enterally within the first 48 hours 
of ICU admission. The study noted that children who 
received early enteral nutrition were less likely to die as 
compared with those who did not (odds ratio, 0.51; 95% 
confidence interval, 0.34-0.76; p = 0.001). This was after 
adjusting for severity of illness, age, and participating 
center. There were nonsignificant increases in length of 
stay and duration of mechanical ventilation.

Given the increasing evidence supporting early enteral 
nutrition, it is important to consider daily whether it is 
possible to start feedings. It is also important to consider 
placing feedings tubes beyond the pylorus so that enteral 
nutrition can proceed during ICU procedures. Mehta and 
colleagues489 showed significant interruptions in enteral 
feedings even after they had been initiated. Feedings were 
stopped on average for 2 days in 71% of their patients. While 
it may be difficult for each clinician to individually advance 
the feeding of their patients, there is good information that 
adoption of a feeding protocol in an ICU setting increases 
goal enteral nutrition.490 It is possible that 25% to 30% of 
the patients admitted to the PICU are malnourished.489 
Smaller children and those with chronic illness have lim-
ited energy reserves, and early enteral feeding should be 
targeted. If enteral nutrition is not a possibility, then par-
enteral nutritional should be considered despite its risks. 
Higher dextrose solutions increase the risk of phlebitis or 
complications, should there be an infiltrate of a peripheral 
IV catheter. Higher dextrose concentration parenteral nutri-
tion also requires placement of a central venous catheter. 
The central venous catheter is separately associated with risk 
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during placement and ongoing risks of infection. Additional 
risks of parenteral nutrition include infection, cholestasis, 
hepatic stenosis, electrolyte disturbance, and elevated tri-
glycerides. Until there is further evidence showing harm for 
malnourished children, the initiation of parenteral nutri-
tion should be considered if enteral feeding is not an option.

HEMATOLOGY

Hematologic emergencies in the ICU include abnormali-
ties in coagulation, immunity, and red blood cell mass. 
They can be primary isolated defects, or they can be 
caused by multiorgan system failure. The immune system 
is discussed in the section on infectious disease.

Coagulation System
Normal clotting includes initial platelet hemostatic plug 
formation and fibrin production (intrinsic or extrinsic 
pathways). For both to occur, platelets, coagulation fac-
tors, and an intact blood vessel are essential (see also 
Chapter 62). Neonates have a number of measurable 
coagulation abnormalities that rarely have clinical mani-
festations. Full-term and most preterm infants have nor-
mal platelet-vessel interaction, but platelet aggregation 
is transiently impaired. In addition, many coagulation 
factors show decreased activity or concentration in the 
fetus and newborn. Of greatest importance are the vita-
min K–dependent factors: factors II, VII, IX, and X. These 
factors are low at birth and decrease to even lower levels 
during the first week of life unless vitamin K is adminis-
tered. The amounts of factor V and VIII are close to adult 
levels in all but the most premature of infants. Although 
routine screening tests for coagulation activity are pro-
longed in infants, the newborn’s blood clots more rapidly 
in vitro because neonates lack sufficient naturally occur-
ring protease inhibitors, principally antithrombin III.216

Transfusion Therapy
Many PICU patients require blood transfusions dur-
ing their hospitalization (Table 95-9; see also Chap-
ter 61). Decreased red blood cells may be secondary 
to decreased production or ongoing losses to frequent 
laboratory testing. Decreased platelets may be secondary 
to decreased production or sequestration in the spleen. 
Thrombocytopenia from frequent laboratory testing 
is less common. Decreased production of coagulation 
factors in the setting of liver failure may predispose 

TABLE 95-9 BLOOD COMPONENT THERAPY

Blood Component Dose Comments

Packed red blood 
cells

10-20 mL/kg Raises hemoglobin 
2-4 g/dL

Random donor 
platelets

1 unit/10 kg or 
5-10 mL/kg

Pooled units from 
multiple donors

Apheresis platelets 10 mL/kg Donation from single 
donor

Fresh frozen plasma 10-20 mL/kg Provides 20%-30% of 
coagulation factors

Cryoprecipitate 1 unit/10 kg Significant amount  
of fibrinogen  
(50-80 mg/dL)
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patients to further blood loss. The transfusion of blood 
products in any setting carries associated risks. Transfu-
sion reactions can be separated into nonimmune and 
immune-mediated problems. The nonimmune reac-
tions include transmission of viral or bacterial infec-
tions through blood components, circulatory overload, 
coagulopathy, hypothermia, and changes in electro-
lytes. Hemolysis of erythrocytes in PRBCs is increased 
by prolonged storage. The potassium levels can be quite 
elevated in older units. In trauma or situations of acute 
blood loss, rapid transfusion of red blood cells can lead 
to hyperkalemia. This is typically not a problem in 
an ICU setting where PRBCs are transfused over 2 to  
4 hours. The immune-mediated reactions include intra-
vascular and extravascular hemolysis. Hemolytic trans-
fusion reactions can be severe and life threatening. 
Cross-matching blood products can reduce hemolytic 
reactions, but there must also be careful identification 
of the patient and the blood unit to be transfused. Non-
hemolytic immune-mediated reactions include febrile 
reactions, mild allergic, anaphylactic reactions, and 
transfusion-related acute lung injury (TRALI).

Transfusion-Related Acute Lung
Transfusion-related acute lung injury previously may 
have been an underreported complication of transfusion, 
but awareness is improving (see also Chapter 61). The 
number of studies on TRALI in pediatric ICU patients is 
increasing.491-497 The diagnosis of TRALI following a blood 
transfusion relies on excluding other causes of pulmo-
nary edema. This includes eliminating volume overload, 
sepsis, and cardiogenic pulmonary edema as causes of the 
patient’s pulmonary edema. It is proposed that there is 
a two-hit model of TRALI. The first hit is an underlying 
component of inflammation in the lungs. The second hit 
is transfusion of a blood product that results in the devel-
opment of TRALI. It is still not clear whether the damage 
is caused by the presence of neutrophils, HLA antibodies, 
or biologically active lipids present in older blood units. A 
study by Church and colleagues498 showed an association 
with increased mortality for pediatric patients with ALI 
who received fresh frozen plasma. This group already has 
the first hit because of the ALI. The mortality association 
was independent of the severity of hypoxemia, the pres-
ence of disseminated intravascular coagulopathy, or the 
presence of multiple-organ dysfunction syndrome. Blood 
transfusion has associated risks, and these risks should 
be considered before any transfusion. In some clinical 
scenarios, pediatric patients will tolerate a greater degree 
of anemia than would have previously been considered. 
In 2007, Lacroix and colleagues499 with the Transfusion 
Requirements in Pediatric Intensive Care Units (TRIPICU) 
study demonstrated that by adopting a restrictive trans-
fusion strategy, they were able to reduce transfusion of 
PRBCs to PICU. A hemoglobin threshold of 7 g was tar-
geted in one group and 10 g in another. In the restric-
tive threshold group, there was a 44% reduction in PRBC 
transfusion without an increase in adverse outcomes. This 
information might not be applicable to all groups in the 
ICU, such as those with ongoing blood loss. The patients 
in the TRIPICU study did not have arterial blood pressure 
lower than 2 SD below an age appropriate mean, and they 
did not require increasing doses of inotropic medication. 
Subgroup analysis of the original TRIPICU study in gen-
eral pediatric surgery500 and cardiac surgery patients23 did 
not show a significant difference in the development of 
multiple-organ dysfunction syndrome.

Coagulopathy
Coagulation defects can occur due to many conditions 
in PICU patients, such as sepsis, trauma, malignancy, 
pancreatitis, and liver failure (see also Chapter 62). As a 
reminder, the prothrombin time (PT) tests the extrinsic 
and common pathways of coagulation. The PT is pro-
longed in liver failure, vitamin K deficiency, and DIC. 
The activated partial thromboplastin time (aPTT) tests 
the intrinsic and common pathways of coagulation. The 
aPTT is prolonged in liver failure, hemophilia A, von Wil-
lebrand disease, and DIC. One major concern in a PICU 
setting is that the underlying inflammatory state in some 
patients can activate coagulation and inhibit the natural 
anticoagulation mechanisms. This concern is the basis 
for DIC. In 2001, the International Society of Thrombo-
sis and Hemostasis501 published a DIC scoring system. 
Their DIC score uses platelet count, fibrin-related mark-
ers, prothrombin time, and fibrinogen. They separated 
DIC into nonovert DIC and overt DIC. In nonovert DIC, 
the balance of hemostasis is stressed by inflammation or 
noninflammatory disorders of the microvasculature stress 
hemostasis, but compensation is maintained. In overt 
DIC, the hemostatic system can no longer compensate. 
A DIC scoring system such as this allows for ongoing 
research and a measure of response to therapy. In 2009, 
Khemani and associates502 demonstrated the association 
between an elevated DIC score and mortality in 132 PICU 
patients with sepsis or shock. There are a maximum of 
8 total points on the DIC score. Points are assessed for 
lower platelet counts and fibrinogen, prolongation of the 
prothrombin time, and evidence of fibrin degradation. 
There was a 50% mortality for patients with overt DIC 
(DIC score ≥ 5). The mortality was 20% for patients with 
a DIC score less than 5. This association between elevated 
DIC score and mortality remained even when controlling 
for severity of illness and use of inotropic medications. 
The treatment of DIC is supposed to treat the underlying 
condition that is causing imbalance of the coagulation 
system. A future goal of research will be to study patient 
outcomes as DIC is corrected and even caused by FFP. 
As Church and associates498 found an increased mortal-
ity associated with FFP transfusion, it is not clear what 
the balance will be between the risk of DIC or the risk of 
transfusion.

Sickle Cell Disease
Hemoglobin S, or sickle cell trait, is the most common 
of the hemoglobinopathies. There are also significant 
regional variations on the concentration of patients 
with different thalassemias. Hemoglobin S is caused by 
a point mutation in the β-chain at codon position 6, 
which results in a substitution of valine for the normal 
glutamine. Hemoglobin S is formed from the combina-
tion of an abnormal β-chains with the valine with nor-
mal α-chains. When two copies of the abnormal gene 
are present, hemoglobin SS (HbSS; or sickle cell disease) 



is produced. Complications from Hb SS cause the most 
frequent PICU admissions of the hemoglobinopathies. 
Deoxygenation of the Hb SS erythrocytes causes intracel-
lular hemoglobin polymerization, which leads to loss of 
deformability and changes in the erythrocyte morphol-
ogy. In a  deoxygenated state, the abnormal erythrocytes 
change from a biconcave configuration to the classic 
sickle cell shape. The abnormal erythrocytes have a much 
shorter lifespan and hemolyze more readily. In turn, 
patients with sickle cell disease have a chronic severe 
hemolytic anemia.

Sickle Cell Crisis
There are three types of sickle cell crisis that can occur: 
hemolytic, aplastic, and vasoocclusive. A hemolytic crisis 
is characterized by increased hemolysis that results in an 
acute drop in hematocrit and hemoglobin. This drop is 
typically accompanied by a significant increase in red cell 
production or reticulocytosis. Alternatively, in an aplas-
tic crisis there is a drop in hematocrit and hemoglobin, 
but there is no associated reticulocytosis. The production 
of red cell precursors in the bone marrow has slowed or 
stopped. The cause of an aplastic crisis is often infectious 
with greater than 90% of cases caused by parvovirus B19. 
A vascular occlusive crisis is what is typically known as 
the classic sickle cell crisis. A vascular occlusive crisis 
can be initiated by infection, dehydration acidosis, or 
hypoxia. The erythrocytes assume a sickled configura-
tion that blocks small vessels, leading to infarction. The 
infarcts can occur in any organ, but are frequent in the, 
lungs, kidney, bones, skin, spleen, eyes, and CNS.

Acute Chest Syndrome
A vascular occlusive crisis in the lungs leads to acute 
chest syndrome (ACS). Acute chest syndrome is a lead-
ing cause of death and is the second most common com-
plication in sickle cell disease. ACS is defined as a new 
pulmonary infiltrate on a chest radiograph in association 
with a fever, respiratory symptoms, or chest pain. There 
is great variability to the clinical course in ACS. The 
National Acute Chest Syndrome Study Group503 issued a 
multicenter report showing that almost 50% of patients 
later diagnosed with ACS presented initially with another 
symptom, mostly typically being pain. The presence of 
a pulmonary fat embolism is frequently reported and is 
associated with a particularly severe course. The cause of 
the pulmonary fat embolism is most likely bone marrow 
necrosis with release of necrotic bone marrow fat into the 
blood stream. A common etiology of ACS is infection. 
Chlamydia pneumonia and Mycoplasma species are the 
most commonly identified pathogens. The goal for man-
agement of ACS is early recognition. As children with 
sickle cell disease may have few initial symptom, there 
should be a high index of suspicion. All febrile children 
with sickle cell disease should have a chest radiograph 
obtained. If there are any positive radiologic findings, 
therapy should begin immediately. Initial antibiotic 
treatment is cefuroxime or cefotaxime with a macrolide. 
The patient should be adequately hydrated. The patient 
should be observed closely and if the patient becomes 
fluid overloaded, diuretic therapy should be started. 
Patients should receive oxygen therapy even if there are 
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normal oxygen saturations. Incentive spirometry should 
be used by every child who is able to do so. There should 
be consideration given to the use of bronchodilators. 
Every effort should be made to see that pain is adequately 
controlled. A simple red cell transfusion may be help-
ful if the patient is anemic, but an exchange transfusion 
may be needed. There is some regional variation in this 
practice. The reason to perform an exchange transfusion 
is that as the hemoglobin rises the blood viscosity will 
increase. Further, sickle cell blood has a high viscosity in 
the deoxygenated state. Performing a red cell exchange 
can reduce blood viscosity and improve oxygenation.501 
An exchange transfusion can improve perfusion in the 
microvascular perfusion and cause a reduction in inflam-
matory mediators. In patients with sickle cell disease, 
red cell exchange has been shown to reduce white blood 
count, platelet count, and soluble vascular cell adhesion 
molecule-1 in patients.28 However, there was no effect 
on interleukin-1α, interleukin-1β, interleukn-8, or tumor 
necrosis factor-α and the reductions that occurred were 
short lived. In the National Acute Chest Syndrome Study 
Group publication,504 13% of patients required mechani-
cal ventilation, and the mortality rate was 19% in the 
group that required intubation.

Neurologic Complications
Exchange transfusion has a vital role in the treatment 
of neurologic complications from sickle cell disease. In 
a population of patients less than 20 years of age with 
sickle cell disease, the incidence of stroke was measured 
at 0.44 per 100 patient-years.505 Studies have been per-
formed to identify at risk patients and initiate therapy 
before the development of stroke. The Stroke Preven-
tion Trial in Sickle Cell Anemia (STOP) was to evaluate 
whether chronic transfusion therapy could prevent an 
initial stroke in children with sickle cell disease. Transcra-
nial Doppler was used to identify patients at increased 
risk for stroke. A hemoglobin S concentration of less than 
30% was maintained in the study group.506 The risk for 
stroke development was reduced by 90% in the chronic 
transfusion group as compared with the patients receiv-
ing standard of care. The trial was stopped 16 months 
early because of these findings. Chronic transfusion 
therapy does carry the long-term side effects of alloim-
munization and iron overload.507 The information avail-
able would indicate that transfusion should be performed 
for a child with sickle cell disease and an acute neuro-
logic change exchange. While there is a significant need 
with acute chest syndrome or neurologic change for an 
exchange transfusion, it is not without risks. Depend-
ing on regional variation, central venous or arterial 
access is needed. Patients need to be followed closely for 
the development of fluid overload or hypovolemia dur-
ing the exchange. There are the risks of blood products. 
Small children are at risk for hypothermia if the blood 
is not warmed. The best location and method to handle 
exchange transfusion will depend on the resources of the 
ICU, blood bank, and hematology department.

Acquired Disorders
A variety of circumstances can impair the production of 
coagulation factors. The vitamin K–dependent factors are 
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most commonly affected. These factors are decreased with 
liver disease, warfarin therapy, and malabsorption syn-
dromes secondary to either bowel disease or altered bowel 
flora caused by long-term antibiotic therapy. In addition, 
untreated neonatal vitamin K deficiency results in hem-
orrhagic disease of the newborn. In these disorders, the 
PT is prolonged and there are low levels of factors II, VII, 
IX, and X. Administration of vitamin K usually reverses 
these deficiencies unless the synthetic function of the 
liver is markedly compromised.

Acquired platelet abnormalities include decreased 
production, increased destruction, and decreased func-
tion. Decreased production or hypoproliferative states 
include marrow diseases, such as leukemia and aplastic 
anemia, and the side effects of chemotherapeutic agents. 
Increased destruction can be immune mediated (i.e., 
idiopathic thrombocytopenic purpura)508 or the result 
of consumption (i.e., microangiopathic states, HUS, or 
thrombotic thrombocytopenic purpura).509 Finally, plate-
let dysfunction has been found with uremia and chronic 
polycythemia in patients with cyanotic heart disease.510 
Treatment of acquired thrombocytopenia includes plate-
let transfusions and, if possible, correction of the under-
lying disorder. Therapeutic splenectomy will increase 
platelet survival in some patients with severe immune-
mediated diseases.

ONCOLOGY

Over the past several decades, there has been significant 
improvement in survival of pediatric cancers. A great 
amount of information demonstrating this effect is avail-
able from the Surveillance, Epidemiology, and End Results 
Program at http://www.seer.cancer.gov. Furthermore, 
there has been an increase in the number and types of 
diseases treated with hematopoietic stem cell transplan-
tation (HSCT). These facts have resulted in an increasing 
volume of oncology patients in the pediatric ICU. This 
patient population received highly specialized, detailed 
care on specialized oncology wards or bone marrow trans-
plant units. The care delivered in these areas as well as 
the strict isolation procedures used there are difficult to 
replicate in other locations in the hospital. In an effort 
to keep oncology patients in oncology wards, some hos-
pitals have policies allowing the use of low amounts of 
inotropic support in these areas, such as dopamine up to 
5 μg/kg/min. This may mean that some oncology patients 
are transferred to the ICU when they have exceeded this 
level of support. They may have sepsis and shock not 
responding to fluid resuscitation and low inotropic sup-
port. Other patients may require respiratory support that 
cannot be delivered on the ward. Finally, there is early lit-
erature indicating that earlier initiation of CRRT to treat 
or prevent fluid overload511,512 has benefits in HSCT with 
other studies showing no benefit.513 However, the posi-
tive literature has prompted earlier admission to the ICU 
for HSCT patients who become fluid overloaded. Over-
all, there is evidence showing improved outcomes for 
pediatric oncology patients requiring ICU care.514-517 For 
patients following HSCT after controlling for severity of 
illness a temporal improvement in mortality is less evi-
dent.518 Furthermore, for patients requiring mechanical 
ventilation the mortality is greater following HSCT com-
pared with non-HSCT oncology patients.519

Because of the disease and therapy at times during
their illness, oncology patients are profoundly immuno-
compromised. There is an increased risk of sepsis during
periods of neutropenia. Fever may be the first indication
of sepsis and studies have looked at predicting which
patients will go on to be bacteremic.520,521 The outcome
of sepsis and oncologic disease is an ongoing concern. A
study by Pound and colleagues514 showed that ICU mor-
tality for patients with septic shock was not significantly
different between oncology patients (15.9%) compared
with matched controls (11.6%). There was no significant
survival difference between groups in the first 6 months
following discharge from the ICU. A 2005 study by Fiser
and colleagues517 showed an overall mortality of 17% for
pediatric oncology patients with severe sepsis. The mor-
tality in the HSCT group (30%) was greater than in the
non-HSCT group (12%). For patients who required both
mechanical ventilation and inotropic support, there was
a high mortality (64%).

LEUKOSTASIS

Leukostasis (vascular obstruction) results from high vis-
cosity caused by elevated cell counts or by the white blood
cells (WBCs) themselves. This syndrome is anticipated in
patients with acute lymphoblastic leukemia when the
WBC count exceeds 500,000 and in AML patients with
WBC counts greater than 200,000/mm3. In AML,  leukemic
cells are less deformable than lymphoblasts; therefore, a
lower WBC count produces the same syndrome.

The brain and lungs are the two major target organs
for leukostasis; vascular plugging and organ infarction are
the usual manifestations. Initial symptoms include tachy-
pnea, cyanosis, increased work of breathing, altered men-
tal status, and focal neurologic deficits. Besides supportive
therapy, reducing the circulating tumor load and viscos-
ity are the primary goals of therapy. Leukapheresis and
exchange transfusion transiently accomplish these goals
Cranial irradiation can reduce the CNS tumor load, and
chemotherapy will interrupt cell production and possibly
destroy circulating cells. The initial goal of chemotherapy
is to stop cell production without producing massive cell
lysis; this halts the increase in tumor load without caus-
ing a severe metabolic crisis before adequate perfusion is
reestablished.522,523

TUMOR LYSIS SYNDROME

Tumor lysis syndrome is a metabolic crisis precipitated
by acute lysis of a large number of tumor cells. Serum
uric acid, potassium, and phosphate concentrations are
elevated; the elevated phosphate concentrations cause
hypocalcemia. Hyperkalemia and hypocalcemia can be
life threatening; increased uric acid may cause acute renal
failure.524 Therapy for tumor lysis syndrome consists of
alkalinization of urine, fluid administration, and diuresis
Before any chemotherapy is administered, the patient’s
renal function should be assessed. If renal function is nor-
mal, allopurinol or rasburicase therapy is begun. In most
cases, this conservative approach of forced diuresis and

http://www.seer.cancer.gov


allopurinol or rasburicase will prevent renal failure, but 
occasionally dialysis must be instituted. Indications for 
the initiation of dialysis include:

 1.  Potassium > 6 mEq/L and rising despite resin exchange
 2.  Uric acid > 19 mg/L
 3.  Creatinine > 10 mg/L
 4.  Phosphorus > 10 mg/L or rapidly rising
 5.  Volume overload
 6.  Symptomatic hypocalcemia

MEDIASTINAL MASS

Children with a mediastinal mass and respiratory distress 
often complain of coughing, difficulty breathing, stridor, 
and shortness of breath. They prefer to sit upright and can-
not lie supine. The chest radiograph usually shows a large 
mediastinal mass, often with obliteration or obscuring of 
the tracheal air column. These masses can also cause posi-
tional obstruction of vascular structures such as the supe-
rior vena cava or a pulmonary artery. Lam and colleagues525 
reported that clinical presentation is often nonspecific or 
often times incidental and that patients with airway com-
promise often also exhibited symptoms of superior vena 
cava syndrome.525 These symptoms are often referred to as 
critical mediastinal mass syndrome and requires the care of an 
experienced multidisciplinary team. These tumors can be 
malignant (87% Hodgkin and non-Hodgkin lymphoma) or 
benign; the prognosis and therapy rely on adequate diagno-
sis, which is best made by obtaining a tissue sample before 
treatment is begun.526 However, obtaining a sample of the 
mediastinal mass may require anesthesia and surgery, and 
the airway must be manipulated and instrumented. All 
these maneuvers can cause the patient to die. Local anes-
thesia with fine-needle biopsy under radiographic guidance 
allows tissue sampling without anesthesia in some patients. 
Irradiation of the tumor before obtaining a tissue sample 
can reduce the size of the tumor and make biopsy easier 
and safer with anesthesia. Obstruction of the intratho-
racic trachea is a major anesthetic risk for these patients; it 
is often impossible to maintain a patent airway when the 
patient lies supine, is deeply anesthetized, or is paralyzed 
with muscle relaxants.525,527 However, the patient must 
cooperate sufficiently to perform the test, which is often 
difficult for them because of respiratory distress. Induction 
of anesthesia and tracheal intubation are usually done with 
the patient in the sitting position and breathing spontane-
ously. If the airway compromise is severe, the tumor should 
be irradiated and the child should be given steroids before 
a tissue diagnosis is made; however, these treatments could 
alter diagnosis and should be discussed with an oncology 
consultant before initiating them. Sometimes, a peripheral 
node or mass can be biopsied under local anesthesia. If the 
tumor mass is large, some of the tumor can remain out-
side the field of radiation. Sticker and colleagues527 report 
that, in a single-center review of 46 cases, patients with 
symptomatic anterior mediastinal mass underwent biopsy 
with general anesthesia while maintaining spontaneous 
ventilation without serious complications.527 In summary, 
although diagnosis is the key to treatment of neoplastic dis-
ease, the risk associated with biopsy can far outweigh the 
benefit of tissue diagnosis.
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IMMUNITY AND INFECTION

EMPIRIC ANTIBIOTIC COVERAGE

It is difficult to make empiric recommendations for anti-
biotic coverage for the pediatric ICU. Antibiotic resistance 
can result from use of broad-spectrum antibiotics without 
some degree of stewardship. Furthermore, empiric antibi-
otics should be based on the susceptibility profile of the 
common bacteria within each hospital and patient popula-
tion. In the authors’ practice, for patients presenting with 
sepsis, vancomycin and a third-generation cephalosporin 
in combination are the antibiotics of first choice; this is due 
to a rising incidence of methicillin-resistant Staphylococcus 
aureus (MRSA). To reduce the spread of MRSA, all patients 
are screened on admission for colonization and isolated if 
MRSA is found. Antibiotic coverage can be more specific and 
narrowed as culture results and sensitivities return. Likely 
the best recommendation to be made regarding empiric 
antibiotic coverage is to meet with the infectious disease 
specialists and discuss the current hospital culture isolates 
and their antibiotic resistance. Decisions regarding empiric 
antibiotics are best made in advance of the situation.

PREVENTION OF HEALTH  
CARE–ASSOCIATED INFECTIONS

The effects of hospital-acquired infections (HAIs) on the 
medical system are significant and on the individual 
patient level can be deadly. A 2007 article from Klevens 
and associates528 estimated the number of HAIs in U.S. 
hospitals in the year 2002 at 1.7 million. Of these, 417,946 
HAIs occurred among adults and children in an ICU set-
ting. The estimated deaths associated with the HAIs in 
this period were 98,987. Likely the best thing to protect 
patients is to wash hands or use alcohol-based gels and 
encourage others to do so. Encouraging others or provid-
ing a positive role model can have a broader effect than 
anticipated. A 2009 study by Schneider and associates529 
paired trainees who were critical care fellows or nurse ori-
entees with senior supervisors and evaluated compliance 
with hand hygiene. In the control phase, the senior super-
visors were unaware of the study and had a hand hygiene 
compliance of 20%. The trainees that were being mentored 
had a hand hygiene compliance of 22%. When the senior 
supervisors were recruited into the study, there was a hand 
hygiene compliance of 94%. The trainees who were still 
blinded to the study had an increase in the hand hygiene 
compliance to 56%. Certainly it is anticipated that there 
will be better compliance with hand hygiene if health care 
providers know that they are being observed. The Schnei-
der study shows the importance of role modeling positive 
behavior.529 Ongoing audits of hand hygiene compliance 
are recommended. Auditors should patient’s parents to 
remind health care providers to wash if they have not 
observed it. Although it may be difficult, it is important to 
be willing to remind others to wash their hands.

VENTILATOR-ASSOCIATED PNEUMONIA

Intubation and mechanical ventilation is necessary for 
patients with respiratory failure. Unfortunately, an ETT 
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prevents airway protective mechanisms and increases 
the risk of ventilator-associated pneumonia (VAP). 
Patients who need mechanical ventilation but who do 
not have a pulmonary infection can develop pneumo-
nia, and patients who need mechanical ventilation for 
pneumonia can develop a secondary infection. VAP can 
increase morbidity and mortality. A 2009 study by Srini-
vasan and associates530 demonstrated that patients with 
VAP had increased length of mechanical ventilation, 
prolonged stays in the ICU, and more importantly a sig-
nificant increase in mortality. There was 2.4% mortality 
in the patients who did not develop VAP as compared 
with 10.5% mortality in the patients who did. VAP has 
been defined as the new onset of a lower respiratory tract 
infection for patients who have required mechanical ven-
tilation for greater than 48 hours. The diagnostic criteria 
include a new infiltrate on chest radiograph, a positive 
respiratory culture, a low or elevated white blood cell 
count, and fever or instability in temperature.

In January 2005, the nonprofit Institute for Healthcare 
Improvement (IHI) started the 100,000 Lives campaign. 
The goal was to save the lives of 100,000 patients in a 
period of 18 months by six specific, evidence-based clini-
cal interventions. They encouraged hospitals to deploy 
rapid response teams, deliver evidenced-based care for 
acute myocardial infarction, prevent adverse drug events, 
prevent surgical site infections, prevent central line infec-
tions, and prevent VAP. The last two incorporated the 
use of bundles or collections of scientifically grounded 
interventions that were implemented collectively. These 
interventions have been successful. From the VAP stand-
point the pre-bundle VAP incidence for PICU patients was 
reported in 2002 as 11.6/1000 ventilator days. 531 The VAP 
bundle has been tailored to pediatric patients,532 and there 
have been significant improvements in VAP incidence. In 
a 2009 study showing the benefit of bundle implemen-
tation, Bigham and colleagues533 showed a significant 
reduction in VAP incidence from 5.6 to 0.3 per 1000 ven-
tilator days. This single-center study also showed a reduc-
tion in length of mechanical ventilation, length of stay, 
and mortality. This positive benefit of bundle initiation 
has been shown in other pediatric studies as well.534,535

In an effort to reduce incidence of new bacterial infec-
tion while patients are mechanically ventilated, the 
components of the VAP bundle aim to reduce bacterial 
colonization and prevent aspiration of contaminated 
secretions. To reduce the amount of bacteria present in 
the mouth and sinuses, mouth care is performed with 
a chlorhexidine rinse every 2 to 4 hours. Several things 
are done to reduce the risk of aspiration of contaminated 
secretions. First, suction the oropharynx before suction-
ing the ETT or deflating the ETT cuff. Second, drain the 
condensation that occurs in the ventilator tubing every 
2 to 4 hours and before repositioning the patient; this 
should be done without disconnecting the ventilator cir-
cuit. Third, use inline suction catheters such that the ETT 
can be suctioned without disconnecting the ventilator cir-
cuit. Finally, by maintaining the head of the bed greater 
than 30 degrees there is a decreased risk of secretions in 
the ventilator tubing draining passively into the ETT.

The measures included in a VAP bundle are not dif-
ficult to perform and become routine practice quite 
quickly. More interesting is synergy that occurs with a 
bundle in that the effect of the combined interventions 
seems to be greater than any individual component. A 
strong adherence to a bundle of preventive measures has 
also been significantly helpful in the prevention of blood 
stream infection because of the presence of a central line.

CATHETER-ASSOCIATED BLOOD  
STREAM INFECTIONS

The development of catheter-associated bloodstream 
infection (CA-BSI) has received national recognition in 
both adults and pediatrics. It is one of the indicators by 
which hospitals are evaluated, and with CA-BSI there is a 
significant increase in hospital stay, morbidity, mortality, 
and cost. In a prospective study performed in a pediatric 
cardiac ICU, Abou and associtates536 showed 11% mortal-
ity in patients who developed a blood stream infection 
as compared with 2% mortality in patients who did not. 
It has been said by many that the best way to reduce a 
CA-BSI is never to place a central venous catheter. There 
is benefit to continually reviewing a patient’s require-
ments for central venous access and when possible only 
using peripheral catheters. Unfortunately, there are many 
instances, such as the need for vasoactive medications, 
when central venous catheters cannot be avoided. The 
implementation of bundles to care for central venous 
catheters can significantly reduce the development of 
bloodstream infections and reduce the mortality and 
morbidity for each patient.

Implementation of preventive bundles during the 
insertion of, and ongoing maintenance of, central venous 
catheters will reduce infections. In a 2010 study in 29 
PICUs,537 there was a 43% reduction in the development of 
CA-BSI when bundles were used. These results are sustain-
able and continue to improve. The 2011 follow-up by the 
same group showed a further reduction in the incidence of 
CA-BSI.538 The bundle can be broken down into two parts: 
central line insertion and maintenance. During the inser-
tion of the central venous catheter, the goal of the bundle 
is to maintain complete sterility of the field. Chlorhexi-
dine is used as the skin preparation for patients older than 
2 months. All people in the room wear caps and masks. 
The persons performing the procedure wear these, as well 
as a sterile gown and gloves. A large, sterile barrier cover-
ing the entire bed is used. The second phase of the bundle 
is ongoing maintenance of the central venous catheter. 
There are strict guidelines for the care of the intravenous 
tubing, hub, and catheter insertion site. When dressing 
changes are performed, sterile gloves are used, the area 
is scrubbed for 30 seconds with  chlorhexidine, and it is 
allowed to air dry for 30 seconds. Strict adherence to the 
same maintenance guidelines throughout the entire hos-
pital is necessary to prevent CA-BSI. In many institutions, 
the number of infections has dropped so low that each 
event can be individually reviewed.

URINARY TRACT INFECTION

Catheter-associated urinary tract infections is the most 
common health-care–related infection. Removing a blad-
der catheter if it is not needed can significantly reduce the 



risk of developing a urinary tract infection. In some cases, 
the catheter cannot be removed, and efforts should be 
made to prevent infection. Institution of a bladder-care 
bundle as a quality improvement measure can signifi-
cantly reduce infection rates. In a 2013 study by Esteban 
and coworkers,539 implementation of quality improve-
ment interventions decreased the number of catheter-
associated urinary tract infections from 23.3 to 5.8 per 
1,000 urinary catheter days. The goals of a bladder cath-
eter bundle are to reduce the bacterial colonization and to 
reduce the reflux of urine back into the bladder. Catheters 
are inserted in a sterile fashion, and periurethral cleaning 
is performed with a chlorhexidine cloth at least once per 
shift. To prevent reflux the collection bag is always kept 
below the level of the bladder and is drained completely 
or clamped before moving the patient.

INFECTIONS IN THE NEWBORN

Neonates with developmental immunologic deficiencies 
have increased susceptibility to infection. Depressed cell-
mediated immunity makes the fetus and infant more sus-
ceptible to viral and fungal infection. In addition, infants 
have depressed B cell function and diminished produc-
tion of immunoglobulins. The latter is partially offset by 
increased maternal immunoglobulin G. By 2 to 3 months 
of age, which is before infants can adequately produce 
their own antibodies in sufficient quantity, the level of 
maternal antibodies reaches a nadir.540 The time during 
which the circulating antibody concentration is low is a 
time when the risk for infections is increased. Perinatal 
infections are acquired congenitally or postnatally. Con-
genital infections occur with prenatal exposure to viral, 
protozoal, or rarely, bacterial pathogens. Common dis-
eases include the TORCH infections: Toxoplasma gondii 
(T); “other” (O), including human immunodeficiency 
virus (HIV), syphilis, and tuberculosis; rubella (R); cyto-
megalovirus (C); and herpes simplex virus type 2 (H). 
Rarely do these infections cause overwhelming sepsis, 
but they can be confused with bacterial infection when 
profound CNS depression, circulatory collapse, or throm-
bocytopenia occurs. When a TORCH infection develops 
in the first trimester of pregnancy, it causes fetal wastage 
or major organ malformation. Premature infants have a 
high incidence of acute infections in the newborn period. 
Regardless of gestational age, the signs and symptoms 
of infection are often subtle. Therefore, a high index of 
suspicion and low threshold for diagnosing and treating 
infection are required.541 The most common acquired 
pathogens are those that colonize the mother’s genital 
tract: group B streptococci, E. coli, Listeria monocytogenes, 
and herpesvirus. Herpes is such a fulminant infection in 
neonates that the presence of active herpes lesions in the 
birth canal is an indication for cesarean section, although 
this may not prevent herpes in all children. Group B 
Streptococcus is the most common bacterial pathogen that 
causes neonatal sepsis. Infection with group B strepto-
cocci is manifested as severe cardiorespiratory instabil-
ity and meningitis in 30% of cases. By 2 to 3 weeks of 
age, this organism is more commonly associated with 
meningitis and less commonly with pulmonary disease. 
Whenever sepsis is suspected, cultures of blood, urine, 
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and CSF should be obtained. Because it is difficult for the 
physician to localize the infection in an infant, repeated 
complete sepsis workups are often required. When appro-
priate cultures are obtained, treatment with ampicillin 
and an aminoglycoside, such as gentamicin, is usually 
begun until specific bacteriologic information becomes 
available. Approximately 50% of neonates thought to be 
septic have positive cultures.

PEDIATRIC TRAUMA

PRENATAL AND PERINATAL INJURIES

Perinatal trauma occurs before or immediately after birth 
(see Chapter 81). The most common prenatal injuries 
are due to maternal gunshot wounds and blunt trauma. 
Fetal mortality in both cases is at least twofold that of the 
mother,542 with fetal death being attributable to mater-
nal shock and fetal oxygen deprivation rather than direct 
injury. Birth injuries occur more commonly in large, 
full-term infants and in infants born by breech presenta-
tion. Injuries to the head include linear or depressed skull 
fractures, cephalohematomas, subdural or subarachnoid 
hematomas, and intraparenchymal or intraventricular 
hemorrhage. Intracranial injuries can increase ICP and 
cause cerebral ischemia, neurologic injury, and death. 
Injury to the sternocleidomastoid muscle can cause torti-
collis; traction on the neck can transect the cervical spinal 
cord. Less devastating nerve injuries caused by cervical 
traction are phrenic nerve paralysis and Erb or Klumpke 
palsy, which is caused by brachial plexus stretching or 
tearing (or both). Shoulder dystocia is commonly asso-
ciated with clavicular and humoral fractures; femoral 
shaft fractures occur with breech deliveries. Injuries to 
the liver, spleen, adrenal glands, and kidneys can cause 
life-threatening hemorrhage or thrombosis. Vasoocclu-
sion causes tissue loss in the cerebral, coronary, or renal 
vascular beds. Emergency instrumentation of the airway 
in the delivery room on rare occasion leads to tracheal 
and esophageal perforation, particularly in a premature 
infant.

TRAUMA IN CHILDREN

Accidents and trauma are the leading causes of death in 
children 1 to 14 years of age.543 Children are frequently 
victims of falling or being dropped, drowning, near 
drowning, motor vehicle crashes (pedestrian), inges-
tions, and burns. Head injuries are common, especially 
in younger children, who have disproportionately large 
heads and relatively poor neck muscle support.544 Young 
children are less likely to be victims of gunshot or knife 
attacks; blunt injuries are more common. Blunt trauma 
to the abdomen can cause solid organ injury (liver and 
spleen) rather than a perforated viscus. Hypothermia is a 
frequent complication of trauma; children lose heat rap-
idly because they have a relatively large surface-to-volume 
ratio. Drowning and near-drowning are the prototypical 
hypothermic injuries. Management of trauma patients 
of all ages requires an organized approach that permits 
rapid diagnosis and treatment. Most preventable deaths 
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in pediatric trauma patients are caused by airway obstruc-
tion, pneumothorax, and shock. Shock is often the result 
of inadequate treatment of bleeding or secondary brain 
injury from an expanding intracranial hematoma.545 The 
American College of Surgeons recommends a four-step 
approach to pediatric trauma patients: (1) primary sur-
vey, (2) resuscitation, (3) secondary survey, and (4) defini-
tive care.250 The primary survey requires rapid assessment 
of the airway, breathing, and circulation (ABCs). A dis-
proportionately large tongue, in relation to a narrow oro-
pharynx, easily obstructs the airway in an unconscious 
child. Proper jaw positioning enables bag-valve-mask 
ventilation until the trachea is intubated. Ventilation 
through an inadequate airway can lead to gaseous disten-
tion of the stomach, vomiting, and aspiration of gastric 
contents. Cervical spine injuries are less common in chil-
dren than in adults, but the child’s neck should be immo-
bilized until spinal injury is excluded. After establishing 
an airway, adequacy of respiration should be verified by 
observation of symmetric chest movement, auscultation 
of normal and equal breath sounds, and an early chest 
radiograph. Tension hemopneumothorax can be diag-
nosed clinically and treated by needle aspiration. Aspira-
tion will alleviate the tension and stabilize the patient’s 
condition until a chest tube can be inserted. Circulation 
can be assessed quickly by looking for tachycardia, poor 
peripheral perfusion, weak peripheral pulses, and hypo-
tension (which might not occur until blood loss exceeds 
25% of the circulating blood volume).546 A severely 
hypovolemic child requires rapid insertion of a central 
venous catheter. If a peripheral venous catheter can-
not be inserted expeditiously, an intraosseous cannula 
should be placed.547 The amount of volume resuscitation 
is dictated by the clinical condition of the child and the 
estimated volume of blood or plasma lost. During the 
secondary survey, a thorough head-to-toe examination is 
performed, and a plan of definitive treatment is devel-
oped. Diagnostic measures in a pediatric trauma patient 
are similar to those in adult patients, but there should 
be consideration of special problems that occur in chil-
dren. Most intraabdominal injuries requiring laparotomy 
are recognized clinically because they produce peritonitis 
or cause increasing abdominal girth.548 Diagnostic peri-
toneal lavage can be of help in children who are hemo-
dynamically unstable despite administering more than  
40 mL/kg of blood. Peritoneal lavage can locate the site of 
occult bleeding in a child who is too unstable to undergo 
CT, or it can be used to evaluate abdominal injury in a 
child about to undergo emergency surgery that is not 
abdominal. Many practitioners forego this procedure if 
surgery is imminent. Indications for surgical interven-
tion for abdominal trauma include free peritoneal air, 
evidence of a ruptured viscus, and acute uncontrolled 
bleeding. A ruptured spleen or a liver laceration is not 
an indication for surgery in and of itself; the preferred 
treatment is supportive care, blood volume replacement, 
and reevaluation.549 A careful head and neurologic exam-
ination is done to detect intracranial trauma quickly. 
The most important indicator of intracranial trauma is 
a decrease in the level of consciousness. Rapid diagnosis 
and treatment of intracranial mass lesions will reduce ICP 
and may prevent secondary brain injury.
CHILD ABUSE

The diagnosis of child abuse is made by finding an acute 
injury that might have a plausible explanation and signs 
of past trauma, including healing bruises, contusions, 
and fractures. Child abuse can also take the form of psy-
chological or sexual abuse and failure to meet a child’s 
need for food, clothing, shelter, hygiene, medical care, 
education, or supervision. Suspicion of child abuse begins 
with an inappropriate or inadequate explanation for the 
child’s injuries or when the degree of trauma exceeds 
the stated cause. Multiple hospital admissions, emer-
gency department visits, doctor or hospital “shopping,” 
and a history of previous trauma should be of concern. 
Frequently, the story regarding the injury changes over 
time. Certain clinical features are common to child 
abuse, but they are by no means pathognomonic. Most 
abused children are older than 3 years; they sometimes 
have poor hygiene and delayed somatic or psychologi-
cal development. The injuries most commonly include 
bruises, welts, lacerations, scalds, and burns from ciga-
rettes, stoves, heating grates, or irons. Long-bone frac-
tures, often of varying age, abdominal injuries, signs of 
smothering, and multiple soft tissue or genital bruises 
are also common. Head injuries can occur. Shaking an 
infant can cause neck injuries, intracranial hemorrhage, 
and contrecoup injuries without necessarily producing 
external manifestations of trauma. The approach to a 
possible victim of child abuse includes a meticulous and 
nonjudgmental history, written in detail in the chart. All 
allegations are recorded and changes in the reported his-
tory are documented. The physical examination includes 
growth parameters, descriptions of soft tissue bruising 
or burns, and diagrams or preferably photographs of all 
injuries. The color, shape, placement, and estimated age 
of all injuries should be catalogued. Laboratory studies 
should include the following: a skeletal survey of all long 
bones, ribs, and the skull; a coagulation profile, includ-
ing hematocrit, platelet count, PT, and PTT; and genital 
and throat cultures for venereal disease if sexual abuse is 
suspected. If child abuse is suspected, it must be reported 
to the authorities.

INGESTION INJURY

Despite the success of various preventive public health 
programs, poisoning continues to occur commonly in 
pediatric patients. Fortunately, the vast majority of pre-
sumed poisonings in young children can be managed 
by telephone consultation with a regional poison con-
trol center. In one study, acute poisoning accounted for 
approximately 5% of all medical admissions to a PICU.550 
Approximately half of these admissions were accidental 
ingestions, and half were attempted suicides. The median 
age for the accidental poisoning group was 2 years; it was 
15 years for the suicide group. Although many different 
toxic substances are ingested by children and adoles-
cents, management of poisoning has three main goals: 
(1) identifying, decontaminating, and eliminating the 
toxic agents551; (2) minimizing the toxic effects on the 
child; and (3) providing close observation and organ sys-
tem support until detoxification is complete. Procedures 



for drug elimination include emesis, gastric lavage, acti-
vated charcoal, and magnesium citrate. Toxic effects can 
be minimized with specific antidotes when available, by 
hemodialysis, or by charcoal hemoperfusion. Examples 
of specific antidotes are deferoxamine for iron ingestion, 
ethanol infusion for methanol ingestion, naloxone for 
narcotic overdose, and N-acetylcysteine for acetamino-
phen ingestion. Because many ingestions, particularly 
those for attempted suicide, include multiple drugs, 
specific antidote therapy is only occasionally successful. 
Organ system support usually includes airway protec-
tion and mechanical ventilation, intravenous fluids, car-
diovascular monitoring for arrhythmias and myocardial 
depression, and anticonvulsive therapy for patients who 
are seizing. Consultation with clinical pharmacologists or 
with the regional poison control center and contacting a 
social worker or psychiatrist are essential aspects of the 
care of an acutely toxic child. Common complications of 
ingestions and their therapy include aspiration pneumo-
nia with hydrocarbon ingestion or loss of glottic function, 
sepsis, respiratory depression, myocardial depression, 
arrhythmias, seizures, and coma. The psychosocial envi-
ronment that allowed or precipitated the ingestion must 
also be considered. Families should be counseled about 
proper supervision and “child-proofing” their home. Psy-
chiatric intervention should be introduced early; unsuc-
cessful suicide attempts are often repeated.

TRANSPORT OF THE CRITICALLY  
ILL CHILD

Transport of critically ill children can be intrahospital or 
interhospital. Intrahospital transport of patients is neces-
sary when moving to and from the operating room; how-
ever, this also includes transport for radiologic procedures 
and studies throughout the hospital. In this circumstance, 
the clinician who ordered the test must understand the 
balance of risk and benefit. Is the information that can be 
obtained by an MRI worth the transport, changes in mon-
itoring, and the time away from the ICU? In the case of a 
brain MRI, a patient may be away from the unit for 90 to 
120 minutes with transport. There are significant differ-
ences in the ability to monitor and provide care to those 
patients. CT scans are shorter but still entail many of the 
same risks. The severity of the patient’s illness must be 
considered. Any patient with an ETT is at risk for obstruc-
tion or dislodgement. Any patient requiring inotropic 
support is at risk for those medications being interrupted. 
Depending on the hospital, the team transporting the 
patient may include a respiratory therapist, bedside nurse, 
and transport nurse. Some hospitals will send their ICU 
fellows, and some have a dedicated intrahospital trans-
port team. When new equipment is purchased, transport 
monitors should be considered that have the ability to 
monitor ETCO2. In the smallest patients, maintenance of 
body temperature can be difficult during transport.

Interhospital transport systems are typically estab-
lished by a tertiary care hospital. Smaller community hos-
pitals may use outside resources. One should investigate 
the capabilities of the transport team available. Details 
to understand include the availability of helicopter and 
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fixed-wing flight, types of practitioners on the transport 
team, coverage in the circumstance where the primary 
team is out on a transport, and the ability to provide 
interventions when the transport team arrives at the out-
side facility. Many transport care physicians will be able 
to intubate, place arterial and venous lines, and place 
chest tubes at an outside facility. All this information is 
valuable when speaking to the referring hospital. In that 
regard, the person receiving the transport request may 
need to assess whether the patient is safe to transfer by a 
team that provides only basic life-support resuscitation. 
For hospitals unfamiliar with caring for critically ill chil-
dren, it may be foremost in their mind to get the child 
to a higher level of care, and out of their hospital. They 
may not have considered what support is available dur-
ing the transport if the patient deteriorates. They may be 
unwilling to wait for arrival of a transport team, but make 
the overall needs of the child must be the focus of the dis-
cussion. When deciding on the make-up of the transport 
team, the distance of the referring hospital, condition 
of the child, ongoing resuscitation efforts and chance of 
change in condition need to be considered. While the 
transport team is en route, the referring hospital should 
continue to support and resuscitate the child with advice 
from the receiving hospital. Further information regard-
ing the development of a transport team are beyond the 
scope of this chapter. One excellent resource is the Guide-
lines for Air and Ground Transport of Neonatal and Pedi-
atric Patients available through the American Academy 
of Pediatrics. An understanding of altitude physiology is 
necessary when considering transport by helicopter. One 
may not give much thought to the barometric pressure in 
the alveolar gas equation:

 PAO2 = (PB − PH2O) × FiO2 − (PaCO2/R) 

This is because at sea level PB is 760 mm Hg; however 
at 8,000 feet PB is 565 mm Hg. Supplemental oxygen may 
be needed in flight, and low saturation may remain even 
with supplemental oxygen for patients with significant 
lung disease. From Boyles law (Pressure1 × Volume1 = 
Pressure2 × Volume2) there will be expansion of gas with 
the decreased pressure of altitude; this means that a small 
pneumothorax can expand to a large pneumothorax. The 
size of an ETT cuff can expand, putting significant pres-
sure on the trachea. The PICU relies significantly on the 
skills of the transport team. To maintain proficiency, the 
providers will need to practice intubation and other pro-
cedures. It is important to consider helping when asked 
to be shadowed by a transport physician or nurse in the 
operating room to gain practice with intubation.

Complete references available online at expertconsult.com.
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The Postanesthesia Care Unit
THEODORA KATHERINE NICHOLAU

K e y  P o i n t s

 •  Emergence from general anesthesia and surgery may be accompanied by a 
number of physiologic disturbances that affect multiple organ systems. Most 
common are postoperative nausea and vomiting (PONV), hypoxia, hypothermia 
and shivering, and cardiovascular instability.

 •  In a prospective study of more than 18,000 consecutive admissions to the 
postanesthesia care unit (PACU), the complication rate was found to be as 
frequent as 24%. Nausea and vomiting (9.8%), the need for upper airway support 
(6.8%), and hypotension (2.7%) were the most common problems.

 •  The most frequent cause of airway obstruction in the immediate postoperative 
period is the loss of pharyngeal muscle tone in a patient who is sedated or 
obtunded. The persisting effects of inhaled and intravenous anesthetics, 
neuromuscular blocking drugs, and opioids all contribute to the loss of pharyngeal 
tone in the patient in the PACU.

 •  The oropharyngeal muscles are the last muscle group to recover from 
neuromuscular blockade. Routine monitoring by the train-of-four (TOF) ratio does 
not accurately reflect the return of pharyngeal muscle tone.

 •  The use of intermediate-acting neuromuscular blocking agents is associated with 
an increased incidence of postoperative respiratory complications. Reversal with 
the anticholinesterase neostigmine does not prevent and may in fact increase the 
incidence of postoperative pulmonary complications.

 •  An estimated 8% to 10% of patients who undergo abdominal surgery subsequently 
require intubation and mechanical ventilation in the PACU. Respiratory failure in 
the immediate postoperative period is often due to transient and rapidly reversible 
conditions such as splinting from pain, diaphragmatic dysfunction, muscular 
weakness, and a pharmacologically depressed respiratory drive.

 •  Although a combination of leads II and V5 will reflect 80% of the ischemic events 
detected on a 12-lead electrocardiogram (ECG), visual interpretation of the cardiac 
monitor is often inaccurate. Because of human error, guidelines from the American 
College of Cardiology recommend that computerized ST-segment analysis be 
used (if available) to monitor patients at high risk for cardiac complications in the 
immediate postoperative period.

 •  In one study, the incidence of postoperative urinary retention, defined as bladder 
volume greater than 600 mL in conjunction with an inability to void within 30 
minutes, was 16%. The most significant predictive factors were age older than 50 
years, intraoperative fluid greater than 750 mL, and bladder volume on entry to 
the PACU greater than 270 mL.

 •  Perioperative attention to adequate intravenous hydration is indicated in any 
patient who has received an intravenous contrast agent. Aggressive hydration 
with normal saline provides the single most effective protection against contrast 
nephropathy.

 •  Rhabdomyolysis has been reported to occur in 22.7% of 66 consecutive patients 
undergoing laparoscopic bariatric surgery. Risk factors include increased body 
mass index (BMI) and duration of surgery.

 •  The incidence of postoperative shivering may be as high as 65% (ranging from 5% 
to 65%) after general anesthesia and 33% after epidural anesthesia. Identified risk 
factors include male gender and the choice of induction agent; propofol is more 
commonly associated with shivering than is pentothal.
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 •  Approximately 10% of adult patients older than age 50 years who undergo 
elective surgery will experience some degree of postoperative delirium within 
the first 5 postoperative days. The incidence is significantly higher for certain 
procedures, such as repair of hip fracture (>35%) and bilateral knee replacement 
(41%).

 •  PACU Standards of Care require that a physician accept responsibility for the 
discharge of patients from the unit (Standard V), even when the decision to 
discharge the patient is made at the bedside by the PACU nurse in accordance 
with hospital-sanctioned discharge criteria or scoring systems.

K e y  P o i n t s — c o n t ’ d
The postanesthesia care unit (PACU) is designed and 
staffed to monitor and care for patients who are recov-
ering from the immediate physiologic effects of anes-
thesia and surgery. PACU care spans the transition from 
one-on-one monitoring in the surgical unit to the less 
acute monitoring on the hospital ward or, in some cases, 
independent function of the patient at home. To serve 
this unique transition period, the PACU is equipped to 
resuscitate patients who are unstable while providing 
a tranquil environment for the “recovery” and com-
fort of patients who are stable. Its location, which is in 
close proximity to the surgical department, facilitates 
rapid access to anesthesiologists for consultation and 
assistance.

ADMISSION TO THE PACU

Specially trained nurses skilled in the prompt recogni-
tion of postoperative complications make up the staff 
of the PACU. On arrival of a patient to the PACU, the 
anesthesiologist provides the PACU nurse with perti-
nent details of the patient’s history, medical condition, 
anesthesia, and surgery. Particular attention is directed 
toward monitoring oxygenation (pulse oximetry), ven-
tilation (breathing frequency, airway patency, capnog-
raphy), and circulation (systemic blood pressure, heart 
rate, electrocardiogram [ECG]). Vital signs are recorded 
as often as necessary but at least every 15 minutes while 
the patient is in the unit. Vital signs and other pertinent 
information are recorded as part of the patient’s medi-
cal record. Specific requirements and recommendations 
for patient monitoring and therapeutic intervention 
can be found in the Practice Standards and Guidelines 
drafted by the American Society of Anesthesiologists 
(ASA).

STANDARDS FOR POSTANESTHESIA CARE

Practice Standards delineate the required obligation of 
minimal care in the clinical setting. As such, they serve as 
a threshold that can be exceeded when indicated by the 
clinical judgment of the practitioner. The Standards for 
Postanesthesia Care are updated on a regular basis to keep 
up with changing practice parameters and technologic 
advances. The most recent revision, published in 2009, is 
summarized here.1

 I.  All patients who have received general anesthesia, 
regional anesthesia or monitored anesthesia care shall 
receive appropriate postanesthesia management.

 II.  A patient transported to the PACU shall be accompa-
nied by a member of the anesthesia care team who 
is knowledgeable about the patient’s condition. The 
patient shall be continually evaluated and treated 
during transport with monitoring and support appro-
priate to the patient’s condition.

 III.  Upon arrival in the PACU, the patient shall be re-
evaluated and a verbal report provided to the respon-
sible PACU nurse by the member of the anesthesia 
care team who accompanies the patient.

 IV.  The patient’s condition shall be evaluated continually 
in the PACU. The patient shall be observed and moni-
tored by methods appropriate to the patient’s medi-
cal condition. Particular attention should be given to 
monitoring oxygenation, ventilation, circulation, level 
of consciousness, and temperature. During recovery 
from all anesthetics, a quantitative method of assessing 
oxygenation such as pulse oximetry shall be employed 
in the initial phase of recovery.*

 V.  A physician is responsible for the discharge of the 
patient from the postanesthesia care unit.

  

Unlike Practice Standards, Practice Guidelines are not 
requirements. They are recommendations designed to 
assist the health care provider in clinical decision mak-
ing. The ASA Practice Guidelines for Postanesthetic Care 
are the result of a multiple-step process that incorporates 
input from three groups: (1) an ASA-appointed taskforce 
consisting of private practice and academic anesthesiolo-
gists and epidemiologists; (2) PACU consultants; and (3) 
ASA members at large. These Guidelines are based on lit-
erature review, expert opinion, open forum commentary, 
and clinical feasibility. They recommend the appropri-
ate assessment, monitoring, and treatment of the major 
organ system functions during recovery from anesthesia 
and surgery (Box 96-1).2

* Under extenuating circumstances, the responsible anesthesiologist 
may waive the requirements marked with an asterisk (*); it is recom-
mended that when this is done, it should be so stated (including the 
reasons) in a note in the patient’s medical record.
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RespiRatoRy

Assessment of airway patency, respiratory rate, and oxygen 
saturation should be periodically performed. Particular attention 
should be given to monitoring oxygenation and ventilation.

CaRdiovasCulaR

Heart rate and blood pressure should be routinely monitored.  
Electrocardiographic monitors should be immediately available.

NeuRomusCulaR

Assessment of neuromuscular function should be performed for all 
patients who received nondepolarizing neuromuscular blocking 
drugs or who have medical conditions associated with neuro-
muscular dysfunction (also see Chapter 53).

meNtal status

Mental status should be periodically assessed.

tempeRatuRe

Patient temperature should be periodically assessed.

paiN

Pain should be periodically assessed.

Nausea aNd vomitiNg

Periodic assessment of postoperative nausea and vomiting should 
be routinely performed

HydRatioN

Postoperative hydration should be assessed and managed accord-
ingly. Certain procedures may involve significant blood loss and 
require additional intravenous fluids management.

uRiNe

Assessment of urine output and of urinary voiding should be per-
formed on a case-by-case basis for selected patients or selected 
procedures.

dRaiNage aNd BleediNg

Assessment of drainage and bleeding should be performed periodi-
cally as needed

BOX 96-1 Summary of Recommendations for Patient Assessment and Monitoring in the Postanesthesia 
Care Unit

From Apfelbaum JL, Silverstein JH, Chung FF, et al: Practice guidelines for postanesthetic care: an updated report by the American Society of Anesthesiologists Task Force on Postanesthetic 
Care, Anesthesiology 118:291-307, 2013.

Figure 96-1. The overall complication 
rate in 18,473 consecutive admissions to a 
postanesthesia care unit (PACU) was 23.7%. 
Nausea and vomiting, the need for upper 
airway support, and hypotension were the 
most frequent individual complications. 
ROMI, Rule out myocardial infarction. (From 
Hines HR, Barash PG, Watrous G, et al: Com-
plications occurring in the postanesthesia care 
unit: a survey, Anesth Analg 74:503-509, 
1992. Used with permission.)
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In addition to the recommendations for patient assess-
ment and monitoring in the PACU summarized in Box 
96-1, other recommendations include the following:

 •  Multiple antiemetic agents are used for the prevention 
or treatment of postoperative nausea and vomiting 
(PONV).

 •  Oxygen is administered for patients at risk of hypoxemia.
 •  When available, forced air warmers should be used to 

reach the goal of normothermia.
 •  Demerol or other opioid agonists should be used for the 

treatment of postoperative shivering but not replace 
treating hypothermia by rewarming.

 •  Specific antagonists should be available whenever 
benzodiazepines, opioids, or neuromuscular blockers 
have been administered.

 •  The requirement for urination or drinking clear liquids 
should not be part of a discharge protocol but may be 
necessary for selected patients.
 •  ALL patients should be required to have a responsible 
individual to accompany them home.

 •  A mandatory minimum stay should not be required, 
but patients should be observed until they are no 
longer at risk for cardiopulmonary depression.

EARLY POSTOPERATIVE PHYSIOLOGIC 
CHANGES

A number of physiologic disturbances that affect multiple 
organ systems may accompany the patient’s emergence 
from general anesthesia and surgery. Most common are 
PONV, hypoxia, hypothermia and shivering, and cardio-
vascular instability. In a prospective study of more than 
18,000 consecutive admissions to the PACU, the complica-
tion rate was found to be as high as 24%. Nausea and vom-
iting (9.8%), the need for upper airway support (6.8%), and 
hypotension (2.7%) were the most common (Fig. 96-1).3



Over a 4-year period ending in 1989, 7.1% of the 1175 
anesthesia-related malpractice claims in the United States 
were attributed to recovery incidents.4 Despite the signifi-
cant incidence of nausea and vomiting in the PACU, seri-
ous adverse outcomes correlate more closely with airway, 
respiratory, and cardiovascular compromise. In 2002, 
airway and respiratory problems (183, 43%) and cardio-
vascular events (99, 24%) accounted for the majority of 
419 recovery room incidents reported to the Australian 
Incident Monitoring Study (AIMS) database (Table 96-1).5 
Similar data were obtained from the United States closed 
claims database in 1989, in which critical respiratory inci-
dents accounted for more than one half of the recovery 
room malpractice claims.4

TRANSPORT TO THE PACU

Upper airway patency and the effectiveness of the 
patient’s respiratory efforts must be monitored when 
transporting the patient from the surgical department 
to the PACU. Watching for the appropriate rise and fall 
of the chest wall with inspiration, listening for breath 
sounds, or simply feeling for exhaled breath with the 
palm of one’s hand over the patient’s nose and mouth 
can confirm adequate ventilation.

With rare exceptions, all patients who undergo general 
anesthesia should receive supplemental oxygen during 
their transport to the PACU. In an observational study of 
502 patients admitted to the PACU, breathing room air 
during transport was the single most significant factor to 
correlate with hypoxemia (oxygen saturation < 90%) on 
arrival. Other significant factors included elevated body 
mass index (BMI), sedation score, and respiratory rate.6

Although the majority of otherwise healthy patients 
undergoing ambulatory surgery can be safely transported 

TABLE 96-1 PRIMARY PRESENTING PROBLEM IN 
419 RECOVERY ROOM INCIDENTS REPORTED TO 
AUSTRALIAN INCIDENT MONITORING STUDY 

Primary Presenting Problem No. (%)

Cardiovascular 99 (24)
Respiratory 97 (23)
Airway 86 (21)
Drug error 44 (11)
Central nervous system 32 (8)
Equipment 27 (6)
Communication problems 7 (2)
Hypothermia 6 (1)
Regional block problems 4 (1)
Inadequate documentation 4 (1)
Hyperthermia 3 (1)
Trauma 3 (1)
Dental problems 2 (0.5)
Renal 1 (0.2)
Skin 1 (0.2)
Blood transfusion 1 (0.2)
Facility limitations 1 (0.2)
Gastrointestinal problems 1 (0.2)

From Kluger MT Bullock MF: Recovery room incidents: a review of the 
Anesthetic Incident Monitoring Study (AIMS), Anesthesia 57:1060-1066, 
2002.
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breathing room air, the decision to do so must be made on 
a case-by-case basis. In the ambulatory setting, advanced 
age (>60 years) (see Chapters 80 and 89) and weight (>100 
kg) identifies adults who are at increased risk for oxygen 
desaturation when breathing room air on transport to 
the PACU.7 Hypoventilation alone may cause hypoxemia 
even in healthy patients who undergo minor procedures.

UPPER AIRWAY OBSTRUCTION

LOSS OF PHARYNGEAL MUSCLE TONE

The most frequent cause of airway obstruction in the 
immediate postoperative period is the loss of pharyngeal 
muscle tone in a patient who is sedated or obtunded. The 
persistent effects of inhaled and intravenous anesthetics, 
neuromuscular blocking drugs, and opioids all contribute 
to the loss of pharyngeal tone in the patient in the PACU.

In an awake patient, the pharyngeal muscles contract 
at the same time that negative inspiratory pressure is gen-
erated by the diaphragm, facilitating opening of the upper 
airway. As a result, the tongue and soft palate are pulled 
forward, tenting the airway open during inspiration. This 
pharyngeal muscle activity is depressed during sleep, and 
the resulting decrease in tone can promote airway obstruc-
tion. A vicious cycle then ensues in which the collapse of 
compliant pharyngeal tissue during inspiration produces 
a reflex compensatory increase in respiratory effort and 
negative inspiratory pressure that promotes further airway 
obstruction.8

A paradoxical breathing pattern consisting of retrac-
tion of the sternal notch and exaggerated abdominal mus-
cle activity characterizes the effort to breathe against an 
obstructed airway. Collapse of the chest wall and protru-
sion of the abdomen with inspiratory effort produce a rock-
ing motion that becomes more prominent with increasing 
airway obstruction. Simply opening the airway with the 
jaw thrust maneuver or continuous positive  airway pressure 
(CPAP) applied via a facemask (or both) can relieve air-
way obstruction secondary to the loss of pharyngeal tone. 
Support of the airway is needed until the patient has ade-
quately recovered from the effects of drugs administered 
during anesthesia. In selected patients, placement of an 
oral or nasal airway, laryngeal mask airway, or endotra-
cheal tube may be required.

RESIDUAL NEUROMUSCULAR BLOCKADE

When evaluating upper airway obstruction in the PACU, 
the possibility of residual neuromuscular blockade should 
be considered in any patient who received neuromuscular 
blocking drugs during anesthesia (Box 96-2)9,10 (see also 
Chapter 35). Residual neuromuscular blockade may not 
be evident on arrival in the PACU because the diaphragm 
recovers from neuromuscular blockade before the pha-
ryngeal muscles do. With an endotracheal tube in place, 
end-tidal carbon dioxide concentrations and tidal vol-
umes may indicate adequate ventilation while the ability 
to maintain a patent upper airway and clear upper airway 
secretions remains compromised. The stimulation associ-
ated with tracheal extubation, followed by the activity of 
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patient transfer to the gurney and subsequent mask air-
way support, may keep the airway open during transport 
to the PACU. Only after the patient is calmly resting in 
the PACU does upper airway obstruction become evident. 
Even patients treated with intermediate- and short-acting 
neuromuscular blocking drugs may exhibit residual paral-
ysis in the PACU, despite what was deemed clinically ade-
quate pharmacologic reversal in the surgical unit.

The train-of-four (TOF) ratio routinely used to evalu-
ate neuromuscular function in anesthetized patients is 
unreliable.11 Measurement of the TOF ratio is a subjective 
assessment that is often misleading when performed by 
touch or visual observation alone. A decline in the TOF 
ratio may not be appreciated until it reaches a value less 
than 0.4 to 0.5, whereas significant signs and symptoms of 
clinical weakness persist to a ratio of 0.7.12 Furthermore, 
pharyngeal function is not restored to normal until an 
adductor pollicis TOF ratio is greater than 0.9.13 Although 
5 seconds of sustained tetanus to 100-Hz stimulation has 
been regarded as the most reliable indicator of adequate 
reversal of drug-induced neuromuscular blockade,12,14 it 
is fraught with the same errors in interpretation as the 
TOF ratio.

Particular attention should be paid to patients who 
have received neuromuscular blockade even when the 
reversal agent neostigmine is administered. A prospec-
tive study of over 18,000 surgical patients who received 

dRugs

Inhaled anesthetic drugs
Local anesthetics (lidocaine)
Cardiac antiarrhythmics (procainamide)
Antibiotics (polymyxins, aminoglycosides, lincosamines 

[clindamycin], metronidazole [Flagyl], tetracyclines)
Corticosteroid agents
Calcium channel blockers
Dantrolene

metaBoliC aNd pHysiologiC states

Hypermagnesemia
Hypocalcemia
Hypothermia
Respiratory acidosis
Hepatic or renal failure
Myasthenia syndromes

FaCtoRs CoNtRiButiNg to pRoloNged depolaRiziNg BloCkade

Excessive dose of succinylcholine
Reduced plasma cholinesterase activity

Decreased levels
 •  Extremes of age (newborn, old age)
 •  Disease states (hepatic disease, uremia, malnutrition, 

plasmapheresis)
 •  Hormonal changes
 •  Pregnancy
 •  Contraceptives
 •  Glucocorticoids

Inhibited activity
 •  Irreversible (echothiophate)
 •  Reversible (edrophonium, neostigmine, pyridostigmine)
Genetic variant (atypical plasma cholinesterase)  

BOX 96-2 Factors Contributing to Prolonged 
Nondepolarizing Neuromuscular Blockade
intermediate-acting neuromuscular blocking drugs and 
their matched cohorts showed that paralysis with inter-
mediate-acting neuromuscular blockade is associated 
with an increased risk of clinically meaningful postopera-
tive respiratory complications, regardless of anticholines-
terase reversal.11

In an awake patient, clinical assessment of reversal of 
neuromuscular blockade is preferred to the application of 
painful TOF or tetanic stimulation. Clinical evaluation 
includes grip strength, tongue protrusion, ability to lift 
the legs off the bed, and ability to lift the head off the bed 
for a full 5 seconds. Of these maneuvers, the 5-secon d sus-
tained head lift has been considered to be the standard, 
reflecting not only generalized motor strength but, more 
importantly, the patient’s ability to maintain and protect 
the airway. However, the ability to oppose the incisor 
teeth strongly against a tongue depressor is a more reli-
able indicator of pharyngeal muscle tone. This maneuver 
correlates with an average TOF ratio of 0.85, as opposed 
to 0.60 for the sustained head lift.12 In a year-long study 
of 7459 patients who had received general anesthesia, 
Murphy and colleagues defined critical respiratory events 
(CREs) in 61 of these patients (see Chapter 35). These 
events occurred within the first 15 minutes of PACU 
admission, at which time a TOF ratio was measured. 
When compared with matched controls, these patients 
had a significantly lower TOF ratio (0.62 [±0.20]), com-
pared with controls (90.98 [±0.07]).15

The manifestation of weakness in the patient in the 
PACU may be respiratory distress and/or agitation. If one 
suspects the persistence or return of neuromuscular weak-
ness in the patient, then a prompt review of possible etio-
logic factors is indicated (see Box 96-2). Common factors 
include respiratory acidosis and hypothermia, alone or in 
combination. Upper airway obstruction as a result of the 
residual depressant effects of volatile anesthetics or opioids 
(or both) may result in progressive respiratory acidosis after 
the patient is admitted to the PACU and external stimu-
lation is minimized. Simple measures such as warming 
the patient, airway support, and correction of electrolyte 
abnormalities can facilitate recovery from neuromuscular 
blockade. The use of sugammadex, instead of neostigmine, 
might possibly lead to a reduced incidence of residual 
neuromuscular blockade in the PACU. Although reversal 
with neostigmine requires a baseline twitch response to 
be effective, sugammadex, a selective rocuronium-binding 
agent, does not. In a recent study, reversal with sugam-
madex resulted in a return of TOF ratio to greater than 0.9 
within 5 minutes in 85% of patients with no twitches on 
TOF stimulation.16 Although the drug has been in use in 
Europe since 2008, it is currently available only for inves-
tigational use in the United States (also see Chapter 35).  
A United States clinical trial comparing sugammadex with 
usual care with neostigmine for reversal of neuromuscular 
blockade induced by rocuronium was conducted in 2012.17

LARYNGOSPASM

Laryngospasm refers to a sudden spasm of the vocal cords 
that completely occludes the laryngeal opening. It typi-
cally occurs in the transitional period when the extubated 
patient is emerging from general anesthesia. Although 



laryngospasm is most likely to occur in the operating
room at the time of tracheal extubation, patients who
arrive in the PACU asleep after general anesthesia are also
at risk for laryngospasm on awakening.

Jaw thrust maneuver with CPAP (up to 40 cm water
[H2O]) is often sufficient stimulation to break the laryngo-
spasm. If jaw thrust maneuver and CPAP fail, then imme-
diate skeletal muscle relaxation can be achieved with
succinylcholine (0.1 to 1.0 mg/kg intravenously [IV] or
4 mg/kg intramuscularly [IM]). Attempting to pass a tra-
cheal tube forcibly through a glottis that is closed because
of laryngospasm is not acceptable.

EDEMA OR HEMATOMA

Airway edema is a possible surgical complication in
patients undergoing prolonged procedures in the prone or
Trendelenburg position. It can be particularly significant
in procedures that involve large blood loss and require
aggressive fluid resuscitation. Although facial and scleral
edema is an important physical sign that can alert the cli-
nician to the presence of airway edema, visible external
signs may not accompany significant edema of pharyngeal
tissue (see also Chapter 55). In addition to the generalized
edema just described, surgical procedures on the tongue,
pharynx, and neck, including thyroidectomy,18,19 carotid
endarterectomy,20 and cervical spine procedures,21 can
produce more localized tissue edema or hematoma. If tra-
cheal extubation is to be attempted in these patients in the
PACU, then evaluation of airway patency must precede
removal of the endotracheal tube. The patient’s ability to
breathe around the endotracheal tube can be evaluated by
suctioning the oral pharynx and deflating the endotracheal
tube cuff. With occlusion of the proximal end of the endo-
tracheal tube, the patient is then asked to breathe around
the tube. Good air movement suggests that the patient’s
airway will remain patent after tracheal extubation.22 An
alternative method involves measuring the intrathoracic
pressure required to produce a leak around the endotra-
cheal tube with the cuff deflated. This method was origi-
nally used to evaluate pediatric patients with croup before
extubation.23 When used in patients with general oropha-
ryngeal edema, the safe pressure threshold can be difficult
to identify. Lastly, when ventilating patients in the volume
control mode, one can measure the exhaled tidal volume
before and after cuff deflation. Patients who require rein-
tubation generally have a smaller leak (i.e., less percent-
age difference between exhaled volume before and after
cuff deflation) than those who do not. A difference greater
than 15.5% is the advocated cutoff value for extubation of
the trachea.24 The presence of a cuff leak demonstrates the
likelihood of successful extubation, not a guarantee, just
as a failed cuff leak does not rule out a successful extuba-
tion.25,26 The cuff leak test does not take the place of sound
clinical judgment.

Mask ventilation may not be possible in a patient with
severe upper airway obstruction resulting from edema
or hematoma. In the case of hematoma after thyroid
or carotid surgery, an attempt can be made to decom-
press the airway by releasing the clips or sutures on the
wound and evacuating the hematoma. This maneuver is
recommended as a temporizing measure, but it will not
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effectively decompress the airway if a significant amount 
of fluid or blood (or both) has infiltrated the tissue planes 
of the pharyngeal wall. If emergency tracheal intubation 
is required, then ready access to difficult airway equip-
ment and, if possible, surgical backup to perform an 
emergency tracheostomy are important. If the patient 
is able to move air by spontaneous ventilation, then an 
awake technique is preferred because visualization of the 
cords by direct laryngoscopy may not be possible.

OBSTRUCTIVE SLEEP APNEA

Because most patients with obstructive sleep apnea (OSA) 
are not obese and the vast majority are undiagnosed at 
the time of surgery, OSA syndrome is often an overlooked 
cause of airway obstruction in the PACU 27,28

Patients with OSA are particularly prone to airway 
obstruction and should not be extubated until they are 
fully awake and following commands.8,29 Any redundant 
compliant pharyngeal tissue in these patients not only 
increases the incidence of airway obstruction, but it also 
often makes intubation by direct laryngoscopy difficult 
or impossible.30,31 Once in the PACU, a patient with OSA 
whose trachea has been extubated is exquisitely sensitive to 
opioids and, when possible, continuous regional anesthesia 
techniques should be used to provide postoperative analge-
sia.32,33 Interestingly, benzodiazepines can have a greater 
effect on pharyngeal muscle tone than opioids, and the use 
of benzodiazepines in the perioperative setting can signifi-
cantly contribute to airway obstruction in the PACU.8,34

When caring for a patient with OSA, plans should be 
made preoperatively to provide CPAP in the immediate 
postoperative period. Patients should be asked to bring their 
CPAP machines with them on the day of surgery to enable 
the equipment to be set up before the patient’s arrival 
in the PACU. Patients who do not routinely use CPAP at 
home or who do not have their machines with them may 
require additional attention from the respiratory therapist 
to ensure proper fit of the CPAP delivery device (mask or 
nasal airways) and to determine the amount of positive 
pressure needed to prevent upper airway obstruction.35,36

In patients with OSA who are morbidly obese imme-
diately applying CPAP postextubation in the surgical 
department rather than waiting to apply positive pressure 
in the PACU may offer additional benefits. In patients 
undergoing laparoscopic bariatric surgery, Neligan and 
colleagues compared the application of 10 cm H2O CPAP 
immediately postextubation to instituting the same 
CPAP 30 minutes later in the PACU. When compared 
with matched controls, patients who received immediate 
CPAP demonstrated improved spirometric lung function 
(i.e., functional residual capacity [FRC], peak expiratory 
flow [PEF], and forced expiratory volume [FEV]) at 1 hour 
and 24 hours postoperatively.37

MANAGEMENT OF UPPER AIRWAY 
OBSTRUCTION

An obstructed upper airway requires immediate atten-
tion. Efforts to open the airway by noninvasive mea-
sures should be attempted before reintubation of the 
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trachea. Jaw thrust maneuver with CPAP (5 to 15 cm 
H2O) is often enough to tent the upper airway open 
in patients with decreased pharyngeal muscle tone. If 
CPAP is not effective, then an oral, nasal, or laryngeal 
mask airway can be rapidly inserted. After successfully 
opening the upper airway and ensuring adequate venti-
lation, the cause of the upper airway obstruction should 
be identified and treated. In adults, the sedating effects 
of opioids and benzodiazepines can be reversed with 
persistent stimulation or small, titrated doses of nalox-
one (0.3 to 0.5 μg/kg IV) or flumazenil (0.2 mg IV to 
maximum dose of 1 mg), respectively. Residual effects 
of neuromuscular blocking drugs can be reversed phar-
macologically or by correcting contributing factors such 
as hypothermia.

DIFFERENTIAL DIAGNOSIS OF ARTERIAL 
HYPOXEMIA IN THE PACU

Atelectasis and alveolar hypoventilation are the most com-
mon causes of transient postoperative arterial hypoxemia in 
the immediate postoperative period.38 Clinical correlations 
should guide the postoperative workup of a patient who 
remains persistently hypoxic.39 Review of the patient’s his-
tory, operative course, and clinical signs and symptoms will 
direct the workup to consider possible causes (Box 96-3).

ALVEOLAR HYPOVENTILATION

A review of the alveolar gas equation demonstrates that 
hypoventilation alone is sufficient to cause arterial hypox-
emia in a patient breathing room air (see also Chapter 
19) (Fig. 96-2). At sea level, a normocapnic patient who is 
breathing room air will have an alveolar oxygen pressure 
(PAO2) of 100 mm Hg. Thus a healthy patient without a 
significant alveolar-arterial gradient will have a PaO2 near 
100 mm Hg. In the same patient, an increase in partial 
alveolar pressure of carbon dioxide (Paco2) from 40 to 80 
mm Hg (alveolar hypoventilation) results in a Pao2 of 
50 mm Hg. Hence, even a patient with normal lungs will 

Right-to-left intrapulmonary shunt (atelectasis)
Mismatching of ventilation to perfusion (decreased functional 

residual capacity)
Congestive heart failure
Pulmonary edema (fluid overload, postobstructive edema)
Alveolar hypoventilation (residual effects of anesthetics and/or 

neuromuscular blocking drugs)
Diffusion hypoxia (unlikely if receiving supplemental oxygen)
Inhalation of gastric contents (aspiration)
Pulmonary embolus
Pneumothorax
Increased oxygen consumption (shivering)
Sepsis
Transfusion-related lung injury
Adult respiratory distress syndrome
Advanced age
Obesity  

BOX 96-3 Factors Contributing to 
Postoperative Arterial Hypoxemia
become hypoxic if allowed to significantly hypoventilate 
while breathing room air.

Normally, minute ventilation increases linearly by 
approximately 2 L/min for every 1-mm Hg increase in 
Paco2. In the immediate postoperative period, the resid-
ual effects of inhaled anesthetics, opioids, and sedative-
hypnotic agents can significantly depress this ventilatory 
response to carbon dioxide. In addition to depressed 
respiratory drive, the differential diagnosis of postopera-
tive hypoventilation includes generalized weakness as a 
result of residual neuromuscular blockade or underlying 
neuromuscular disease. The presence of restrictive pul-
monary conditions, such as preexisting chest wall defor-
mity, postoperative abdominal binding, or abdominal 
distention, can also contribute to inadequate ventilation.

Arterial hypoxemia secondary to hypercapnia can 
be reversed by the administration of supplemental oxy-
gen (Fig. 96-3)40 or by normalizing the patient’s Paco2 
by external stimulation of the patient to wakefulness, 
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Figure 96-2. Hypoventilation as a cause of arterial hypoxemia. (From 
Nicholau D: Postanesthesia recovery. In Miller RD, Pardo MC Jr, editors: 
Basics of anesthesia, ed 6. Philadelphia, 2011, Saunders.)
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pharmacologic reversal of opioid or benzodiazepine 
effect, or controlled mechanical ventilation of the 
patient’s lungs.

DECREASED ALVEOLAR OXYGEN PRESSURE

Diffusion hypoxia refers to the rapid diffusion of nitrous 
oxide into alveoli at the end of a nitrous oxide anesthetic. 
Nitrous oxide dilutes the alveolar gas and produces a tran-
sient decrease in PAO2 and Paco2. In a patient breathing 
room air, the resulting decrease in PAO2 can produce arte-
rial hypoxemia, whereas decreased Paco2 can depress the 
respiratory drive. In the absence of supplemental oxygen 
administration, diffusion hypoxia can persist for 5 to 10 
minutes after discontinuing a nitrous oxide anesthetic; 
therefore it may contribute to arterial hypoxemia in the 
initial moments in the PACU.

VENTILATION-PERFUSION MISMATCH  
AND SHUNT

Hypoxic pulmonary vasoconstriction refers to the attempt 
of normal lungs to match ventilation and perfusion opti-
mally (see also Chapters 19 and 51). This response con-
stricts vessels in poorly ventilated regions of the lung and 
directs pulmonary blood flow to well-ventilated alveoli. 
In the PACU, the residual effects of inhaled anesthetics 
and vasodilators, such as nitroprusside and dobutamine 
used to treat systemic hypertension or to improve hemo-
dynamics, will blunt hypoxic pulmonary vasoconstric-
tion and contribute to arterial hypoxemia.

Unlike a ventilation-perfusion (V̇/Q̇) mismatch, a true 
shunt will not respond to supplemental oxygen. Causes 
of postoperative pulmonary shunt include atelectasis, 
pulmonary edema, gastric aspiration, pulmonary emboli, 
and pneumonia. Of these, atelectasis is probably the most 
common cause of pulmonary shunting in the immedi-
ate postoperative period. Mobilization of the patient to 
the sitting position, incentive spirometry, and positive 
airway pressure by facemask can be effective in treating 
atelectasis.

INCREASED VENOUS ADMIXTURE

Increased venous admixture typically refers to low cardiac 
output states, in which there is mixing of desaturated 
venous blood with oxygenated arterial blood. Normally, 
only 2% to 5% of cardiac output is shunted through 
the lungs, and this shunted blood with a normal mixed 
venous saturation has a minimal effect on PaO2. In low 
cardiac output states, blood returns to the heart severely 
desaturated. Additionally, the shunt fraction significantly 
increases in conditions that impede alveolar oxygen-
ation, such as pulmonary edema and atelectasis. Under 
these conditions, mixing desaturated shunted blood with 
saturated arterialized blood decreases PaO2.

DECREASED DIFFUSION CAPACITY

A decreased diffusion capacity may reflect the pres-
ence of underlying lung disease such as emphysema, 
interstitial lung disease, pulmonary fibrosis, or primary 
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pulmonary hypertension. In this regard, the differen-
tial diagnosis of arterial hypoxemia in the PACU must 
include the contribution of any preexisting pulmonary 
condition.

Finally, the fact that inadequate oxygen delivery may 
result from an unrecognized disconnection of the oxygen 
source or empty oxygen tank should be kept in mind.

PULMONARY EDEMA

Pulmonary edema in the immediate postoperative period 
is often cardiogenic in nature, secondary to intravas-
cular volume overload or congestive heart failure. Less 
frequently, pulmonary edema may result from airway 
obstruction (postobstructive pulmonary edema), sep-
sis, or transfusion (transfusion-related acute lung injury 
[TRALI]).

POSTOBSTRUCTIVE PULMONARY EDEMA

Postobstructive pulmonary edema and the resulting arte-
rial hypoxemia are rare but significant consequences of 
upper airway obstruction that may follow tracheal extu-
bation at the conclusion of anesthesia and surgery. Post-
obstructive pulmonary edema is a transudative edema 
produced by the exaggerated negative intrathoracic pres-
sure generated by an inspiratory effort against a closed 
glottis. The resulting negative intrathoracic pressure and 
increased venous return escalate the hydrostatic pressure 
gradient across the pulmonary vascular bed, promoting 
the transudation of fluid. Patients who are muscularly 
healthy are at increased risk of postobstructive pulmo-
nary edema because of their ability to generate significant 
inspiratory force.

Laryngospasm is likely the most common cause of 
postobstructive pulmonary edema in the PACU, but post-
obstructive pulmonary edema may result from any con-
dition that occludes the upper airway.41,42 The resultant 
arterial hypoxemia is usually observed within 90 minutes 
of the upper airway obstruction and is accompanied by 
bilateral fluffy infiltrates on the chest radiograph. Treat-
ment is supportive and includes supplemental oxygen, 
diuresis, and, in severe cases, positive-pressure ventilation 
of the patient’s lungs.

TRANSFUSION-RELATED LUNG INJURY

The differential diagnosis of pulmonary edema in the 
PACU should include transfusion-related lung injury in 
any patient who intraoperatively received blood products 
(see also Chapter 61).43,44 Transfusion-related lung injury 
is typically exhibited within 1 to 2 hours after the trans-
fusion of plasma-containing blood products, including 
packed red blood cells, whole blood, fresh frozen plasma, 
or platelets. Because reactions can occur up to 6 hours 
after transfusion, the syndrome may develop during the 
patient’s stay in the PACU after transfusion in the surgical 
unit. The resulting noncardiogenic pulmonary edema is 
often associated with fever and systemic hypotension. If 
a complete blood cell count is obtained with the onset of 
symptoms, then documenting an acute drop in the white 
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blood cell count (leukopenia) is possible, reflecting the 
sequestration of granulocytes within the lung and exuda-
tive fluid.45,46 Treatment is supportive and includes sup-
plemental oxygen and drug-induced diuresis. Mechanical 
ventilation may be needed to support hypoxemia and 
respiratory failure. Vasopressors may be required to treat 
refractory hypotension.47

In past years, the lack of specific diagnostic criteria 
has resulted in the underdiagnosing and underreport-
ing of this syndrome. Recently, a group of transfusion 
experts in the American-European Consensus Confer-
ence developed and implemented diagnostic criteria 
that have raised the awareness of the syndrome (Box 
96-4).48,49

MONITORING AND TREATMENT  
OF HYPOXEMIA

OXYGEN SUPPLEMENTATION

In the era of cost containment, the routine delivery of 
supplemental oxygen to all patients recovering from gen-
eral anesthesia is suggested to be a costly and unnecessary 
practice.50 The argument against the use of routine oxy-
gen supplementation relies on the fact that continuous 
pulse oximetry, now a PACU standard, readily identifies 
those patients who will require oxygen therapy.51 Sup-
porting this argument is the observation that a major-
ity of patients after general anesthesia do not become 
hypoxic (63% at a threshold of Sao2 less than 90% and 
83% at a threshold of Sao2 less than 94%) when breath-
ing room air in the PACU.51 Although the authors of this 
observational study predict that the elimination of rou-
tine oxygen supplementation in the PACU would result 
in significant cost savings, others assert that the economic 
benefit of limited oxygen therapy is likely to be offset by 
the cost of complications.52,53

 1.  Acute lung injury evidenced by:
 a.  Acute onset of signs and symptoms
 b.  Hypoxemia:
 i.  PaO2/FiO2 <300, or
 ii.  Room air SpO2 <90%, or
 iii.  Other clinical evidence of hypoxemia
 c.  Bilateral infiltrates on chest radiography without 

cardiomegaly
 d.  No clinical evidence of left atrial hypertension
 2.  No preexisting acute lung injury before transfusion
 3.  Onset of lung dysfunction within 6 hours of transfusion
 4.  No temporal association of onset to alternative causes of 

acute lung injury  

BOX 96-4 Criteria for the Diagnosis of 
Transfusion-Related Acute Lung Injury: The 
American-European Consensus Conference 
Recommendations

Modified from Swanson K, Dwyre DM, Krochmal J, Raife TJ: Transfusion-
related acute lung injury (TRALI): current clinical and pathophysiologic 
considerations, Lung 184:177-185, 2006.

PaO2, Arterial oxygen pressure; FiO2, fraction of inspired oxygen; SpO2, oxy-
gen saturation by pulse oximetry.
Although the practice of prophylactic oxygen therapy 
to all patients after general anesthesia is controversial, 
most would argue that the benefits outweigh the risks. 
Even with oxygen supplementation, a significant per-
centage of patients will become hypoxic at some point 
during their PACU stay.54,55 Russell and associates studied 
100 patients who were transferred to the PACU breathing 
room air before receiving at least 40% oxygen by aero-
sol face tent in the unit. All patients had an Sao2 greater 
than 97% before the 2-minute transport to the PACU. 
Fifteen percent of patients experienced transient desatu-
ration on arrival in the PACU (less than 92% saturation 
for longer than 30 seconds). This immediate desaturation 
positively correlated with patient age, body weight, ASA 
classification, general anesthesia, and increased volume 
of intravenous fluid greater than 1500 mL. An even larger 
percentage of patients (25%) desaturated 30 to 50 min-
utes later in their PACU stay, despite prophylactic oxy-
gen administration. These later desaturations were more 
severe (71% to 91%) and lasted longer (5.8 ± 12.6 min-
utes) than those that occurred on admission. Additional 
correlating factors included duration of anesthesia and 
female gender.

The safe practice of postanesthesia care without oxy-
gen supplementation requires ideal conditions at all 
times, such as functioning oxygen delivery apparatus at 
every bedside and sufficient manpower for observation 
and immediate intervention. Gravenstein argues that 
this degree of vigilance is likely unrealistic, and the risk 
of adverse outcome to even a small number of patients is 
unwarranted.56

LIMITATIONS OF PULSE OXIMETRY

The ASA Standards for Postanesthesia Care require that 
patients be observed and monitored with “particular 
attention given to” both oxygenation and ventilation. 
The pulse oximeter is a standard monitor in the PACU 
for the detection of hypoxemia, but it does not reflect 
the adequacy of ventilation.57 Although several studies 
have demonstrated oximetry’s limited ability to detect 
hypoventilation in patients breathing room air,58,59 they 
confirm that it does not reliably detect hypoventilation 
in patients breathing oxygen.59 When monitoring venti-
lation in the PACU, pulse oximetry is not a substitute for 
close observation by trained personnel.

OPTIMAL PERIOPERATIVE OXYGENATION

POSTOPERATIVE NAUSEA AND VOMITING

A number of studies have asked whether perioperative 
supplemental oxygen administration can reduce the inci-
dence of PONV (see also Chapter 97). In the first such 
study, Grief and colleagues randomized 231 patients 
undergoing elective colon resection to receive either 
30% or 80% oxygen (balanced with nitrogen). In this 
study, the administration of 80% supplemental oxygen 
intraoperatively and 2 hours postoperatively reduced the 
incidence of PONV nearly twofold (30% to 17%).60 In a 
subsequent study of 240 patients undergoing laparoscopic 



gynecologic surgery, the same group found that periop-
erative supplemental oxygen (80%) was as effective as 
ondansetron (with 30% oxygen) in preventing PONV. 
When compared with 30% oxygen alone, both oxygen 
and ondansetron decreased the incidence of PONV by 
50% in the first 24 hours postoperatively (44% to 22%).61

Increased oxygen supplementation did not reduce 
the incidence of PONV in children undergoing elective 
dental surgery,62 adults undergoing thyroid surgery,63 or 
patients undergoing strabismus surgery.64 In 210 patients 
(4 to 79 years of age) undergoing strabismus surgery, the 
incidence of PONV was the same among three groups: 
those who received 30% oxygen or room air plus ondan-
setron on induction, 80% oxygen or room air, or 30% 
oxygen or room air. Finally, in patients undergoing lapa-
roscopic cholecystectomy, the elimination of nitrous 
oxide, not increased oxygen fraction, was found to cor-
relate with decreased PONV. In this study, increasing 
the oxygen concentration from 40% in air to 80% in air 
offered no further benefit.65

The mechanism by which the elimination of nitrous 
oxide and increased oxygen fraction may contribute to 
a reduction in PONV is unknown. Although evidence 
suggests that perioperative oxygen administration may 
reduce PONV in patients undergoing colorectal proce-
dures, the data do not support its use for surgical proce-
dures that do not directly involve the bowel.66 This lack of 
efficacy of supplemental oxygen in patients undergoing 
peripheral procedures argues for a local effect on the gas-
trointestinal tract where the elimination of nitrous oxide 
and nitrogen, together with hyperoxia, work to decrease 
bowel distention and reduce gastrointestinal ischemia.

Studying older adult patients transported by ambu-
lance after minor trauma (see also Chapter 80), Kober and 
colleagues found that hyperoxia reduced the incidence 
of nausea and vomiting fourfold compared with patients 
breathing air. In this double-blind study, patients were 
randomized to receive room air or 100% facemask oxygen 
delivered at 10 L/min. The authors of this study propose 
a central mechanism for the effect of oxygen on motion 
sickness.67

WOUND INFECTIONS

Supplemental oxygen appears to reduce the incidence of 
surgical wound infections in patients undergoing colorec-
tal surgery. Grief and colleagues randomized 500 patients 
undergoing colon resection to receive either 30% or 80% 
oxygen (in air). In this study, the higher concentration of 
oxygen reduced the incidence of surgical site infection by 
6% (11.2% to 5.2%).68 More recently, a randomized con-
trolled multicenter study of 300 patients in 14 Spanish 
hospitals found that patients who received supplemental 
oxygen had a 30% reduction in surgical site infections.69 
This study compared 30% to 80% oxygen administration 
intraoperatively and 6 hours postoperatively. The periop-
erative care was standardized, and surgical site infections 
were identified by criteria delineated by the Centers for 
Disease Control and Prevention.

These results were not consistent with a study of 
patients undergoing major intraabdominal surgical pro-
cedures after which patients who received 80% oxygen 
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had a significantly higher infection rate (25%) than those 
who received 35% oxygen. It is notable that this study 
has been widely criticized for its failure of randomiza-
tion because the patients receiving 80% oxygen were 
more obese, underwent a longer duration of surgery, and 
had a larger blood loss than those receiving 35% oxygen. 
Unlike the Spanish study, the diagnosis of surgical site 
infection was made by chart review rather than standard-
ized criteria.70

NITROUS OXIDE

The role of nitrous oxide in the risk of wound infection 
remains controversial. When controlling for oxygen con-
centration (35%) in patients undergoing colon resection, 
the Outcomes Research Group found that the elimina-
tion of nitrous oxide did not decrease the incidence of 
surgical site infection.71

The largest multicenter trial to date comparing nitrous 
oxide–based anesthesia with nitrous oxide–free general 
anesthesia included 2050 patients who underwent major 
surgery. Exclusion criteria included cardiac and thoracic 
surgery. The exclusion of patients undergoing colon sur-
gery or those who had a history of PONV was left to the 
discretion of the anesthesiologist. Patients were random-
ized to receive 30% oxygen with 70% nitrous oxide or 
80% oxygen with 20% nitrogen. In this study, the elimi-
nation of nitrous oxide significantly decreased the inci-
dence of PONV and major complications within 30 days 
of surgery. Major complications included pneumonia, 
pneumothorax, pulmonary embolism, wound infection, 
myocardial infarction, venous thromboembolism, stroke, 
and awareness. It did not decrease the length of hospital 
stay, the study’s primary endpoint.72 Significantly, this 
study did not control for inspired oxygen concentration; 
therefore whether the beneficial effects were the result of 
the elimination of nitrous oxide or the increase in Fio2 is 
not clear.73

OXYGEN DELIVERY SYSTEMS

SUPPLEMENTAL OXYGEN

The degree of hypoxemia, the surgical procedure, and 
patient compliance determine the oxygen delivery sys-
tem of choice in the PACU. Patients who are stable after 
head and neck surgery may not be candidates for face-
mask oxygen because of the risk of pressure necrosis on 
incision sites and microvascular muscle flaps, whereas 
nasal packing prohibits the use of nasal cannulas in oth-
ers. Face tent oxygen or blow-by setups are viable alterna-
tives in cases in which tight-fitting masks and straps are 
contraindicated.

The delivery of oxygen through a traditional nasal 
cannula with bubble humidifier is usually limited to a 
maximum flow of 6 L/min to minimize the discomfort 
and complications that result from inadequate humidifi-
cation. As a general rule, each liter per minute of oxygen 
flow through nasal cannula increases the Fio2 by 0.04, 
with 6 L/min delivering an Fio2 of approximately 0.44. 
Until recently, maximum oxygen delivery to extubated 
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patients required delivery by facemask through a non-
rebreather system or high-flow nebulizer. These systems 
can be inefficient, however, because of inadequate mask 
fit and/or high-minute ventilation requirements that 
result in significant entrainment of room air. The newer 
high-flow nasal cannula devices can comfortably deliver 
oxygen at 40 L/min, 37° C, and 99.9% relative humid-
ity.74 The delivery of high-flow oxygen directly to the 
nasopharynx produces an Fio2 equal to that delivered 
by traditional mask devices. In fact, the Vapotherm sys-
tem has been shown to deliver a higher Fio2 than a non-
rebreather mask at similar flow ranges (10 to 40 L/min). 
Unlike the nonrebreather mask, these devices deliver 
high-flow oxygen directly to the nasopharynx through-
out the respiratory cycle. The efficacy of these devices 
may be enhanced by a CPAP effect resulting from the 
high gas flow.75

CONTINUOUS POSITIVE AIRWAY PRESSURE

An estimated 8% to 10% of patients who undergo abdomi-
nal surgery subsequently require intubation and mechan-
ical ventilation in the PACU. As discussed earlier in this 
chapter, respiratory failure in the immediate postopera-
tive period is often due to transient and rapidly reversible 
conditions such as splinting from pain, diaphragmatic 
dysfunction, muscular weakness, and pharmacologically 
depressed respiratory drive. Readily reversible hypoxemia 
may be due to hypoventilation, atelectasis, or volume 
overload. The application of CPAP in this setting can 
potentially decrease hypoxemia as a result of atelectasis 
by recruiting alveoli. The resulting increase in functional 
reserve capacity may also improve pulmonary compliance 
and decrease the work of breathing. In a recent random-
ized controlled trial, 209 consecutive patients undergo-
ing major elective abdominal surgery were randomized 
to receive supplemental oxygen alone or in conjunction 
with CPAP (at 7.5 cm H2O pressure) in the PACU. In this 
study, the application of CPAP in the PACU significantly 
reduced the incidence of intubation, pneumonia, infec-
tion, and sepsis. The study was halted because of efficacy 
after the enrollment of 209 patients (Table 96-2) (see also 
Chapter 103).76

A large percentage of patients who are obese and 
undergoing Roux-en-Y gastric bypass surgery have OSA 
and stand to benefit significantly from postoperative 
CPAP therapy. Yet surgeons were initially hesitant to 
embrace this modality for fear that applying positive 
pressure to the airway would inflate the stomach and 
proximal intestine and result in anastomotic disruption. 
In a single center study of 1067 patients undergoing gas-
trojejunostomy bypass and 420 diagnosed with OSA, 
CPAP did not increase the risk of postoperative anasto-
motic leaks.77

NONINVASIVE POSITIVE-PRESSURE 
VENTILATION

Even with the application of CPAP in the PACU, a num-
ber of patients will require additional ventilatory support. 
Noninvasive positive-pressure ventilation (NIPPV) (see 
also Chapter 103) has been shown to be an effective alter-
native to endotracheal intubation in the intensive care 
unit (ICU) setting. Although the use of NIPPV in both 
chronic and acute respiratory failure is well established, 
its application in the PACU is limited.

In the past, the use of NIPPV was avoided in the imme-
diate postoperative period because of the potential for gas-
tric distention, aspiration, and wound dehiscence. These 
potential complications were especially true in patients 
who had undergone esophageal or gastric surgery. Careful 
consideration of both the patient and the surgical factors 
must guide the decision to use noninvasive modes of ven-
tilation in the PACU. Relative contraindications include 
hemodynamic instability or life-threatening arrhythmias, 
altered mental status, high risk of aspiration, inability to 
use nasal or facial mask (head and neck procedures), and 
refractory hypoxemia.78 Several case reports describe the 
successful application of NIPPV in lieu of endotracheal 
intubation in both adults and children in the PACU. In 
2000, Tobias reported the successful application of NIPPV 
in two patients, one after gastrostomy tube placement and 
another after cholecystectomy.79 A larger case series (eight 
patients) reported by Albala and Ferrigno did not include 
intraabdominal procedures.80 The authors of both studies 
agree that the successful application of NIPPV is dependent 
on appropriate patient selection and careful instruction.

NIPPV can be delivered by facemask using the pressure 
support mode of a mechanical ventilator. Alternatively, 
the use of a biphasic positive airway pressure machine 
TABLE 96-2 CONTINUOUS POSITIVE AIRWAY PRESSURE FOR POSTOPERATIVE HYPOXEMIA: SECONDARY 
OUTCOMES 

Control (n = 104) CPAP (n = 105) Relative Risk (95% CI) P Value*

Pneumonia, number of patients (%) 10 (10) 2 (2) 0.19 (0.04 to 0.88) .02
Infection, number of patients (%) 11 (10) 3 (3) 0.27 (0.07 to 0.94) .03
Sepsis, number of patients (%) 9 (9) 2 (2) 0.22 (0.04 to 0.99) .03
Anastomotic leakage, number of patients 6 1
Pneumonia, number of patients 3 1
Deaths, number of patients (%) 3 (3) 0 (0) .12

Modified from Squadrone V, Coha M, Cerutti E, et al: Continuous positive airway pressure for treatment of postoperative hypoxemia: a randomized controlled 
trial, JAMA 293:589-595, 2005.

CPAP, Continuous positive airway pressure; CI, confidence interval.
*All P values are two-tailed. Comparisons between control and CPAP by Fisher exact test for categorical variables and two-tailed t test for continuous 

variables.



allows the delivery of positive pressure by either nasal 
cannula or facemask. An example protocol for instituting 
NIPPV in patients with acute respiratory failure is shown 
in Box 96-5.

HEMODYNAMIC INSTABILITY

Hemodynamic compromise in the patient in the PACU is 
exhibited in a number of ways—systemic hypertension, 
hypotension, tachycardia, or bradycardia—alone or in 
combination. Hemodynamic instability in the PACU has 
a negative impact on long-term outcome. Interestingly, 
postoperative systemic hypertension and tachycardia are 
associated with an increased risk of unplanned critical 
care admission and a higher mortality than hypotension 
and bradycardia.81

SYSTEMIC HYPERTENSION

Patients with a history of essential hypertension are at great-
est risk for significant systemic hypertension in the PACU.82 
Additional factors include pain, nausea and vomiting, 
hypoventilation and associated hypercapnia, emergence 
excitement, advanced age, urinary retention, and preexist-
ing renal disease (Box 96-6). The surgical procedures most 
commonly associated with postoperative hypertension are 

 1.  Choose the appropriate patient, based on the surgical 
 procedure and the patient’s risk of aspiration, ability to  protect 
his or her airway, and ability to comply with the mask fit.

 2.  Position the head of the bed at ≥45-degree angle.
 3.  Choose the correct size mask and connect mask to 

ventilator.
 4.  Explain the modality to the patient and provide reassurance.
 5.  Set initial ventilatory settings (CPAP, 0 cm H2O; pressure 

support, 10 cm H2O).
 6.  Gently hold mask on face until the patient is comfortable 

and synchronous with ventilation.
 7.  Apply wound care dressing on nasal bridge and other 

 pressure points.
 8.  Secure mask with head straps.
 9.  Slowly increase CPAP.
 10.  Adjust pressure support to achieve adequate tidal volumes 

and maximal patient comfort.
 11.  In patients with hypoxia, increase CPAP in increments of 2 

to 3 cm H2O until Fio2 is ≤0.6.
 12.  Avoid peak mask pressures >30 cm H2O.
 13.  Set ventilator alarms and apnea backup parameters.
 14.  Ask the patient and nurse to call for needs (e.g.,  repositioning 

mask, pain, discomfort) or if complications occur (e.g., respi-
ratory difficulties, abdominal distention, nausea, vomiting).

 15.  Monitor with oximetry, and adjust ventilator settings after 
blood gas results.

BOX 96-5 Example Protocol for Instituting 
Noninvasive Positive-Pressure Ventilation in 
Patients with Acute Respiratory Failure*

Modified from Abou-Shala N, Meduri U: Noninvasive mechanical ventilation in 
patients with acute respiratory failure, Crit Care Med 24:705-715, 1996.

CPAP, Continuous positive airway pressure; FiO2, fraction of inspired oxygen.
* Protocol at the University of Tennessee, Memphis.
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carotid endarterectomy and intracranial procedures. A sig-
nificant number of patients, especially those with a known 
history of hypertension, will require pharmacologic blood 
pressure control in the PACU (see also Chapter 39).

SYSTEMIC HYPOTENSION

Postoperative systemic hypotension may be characterized 
as (1) hypovolemic (decreased preload), (2) distributive 
(decreased afterload), or (3) cardiogenic (intrinsic pump 
failure) (Box 96-7).

Hypovolemic (Decreased Preload)
Systemic hypotension in the PACU is often due to 
decreased intravascular fluid volume and preload, and, as 

Preoperative hypertension
Arterial hypoxemia
Hypervolemia
Emergence excitement
Shivering
Drug rebound
Increased intracranial pressure
Increased sympathetic nervous system activity

Hypercapnia
Pain
Agitation
Bowel distention
Urinary retention  

BOX 96-6 Factors Leading to Postoperative 
Hypertension

Intravascular volume depletion
Persistent fluid losses
Ongoing third-space translocation of fluid
Bowel preparation
Gastrointestinal losses
Surgical bleeding

Increased capillary permeability
Sepsis
Burns
Transfusion-related acute lung injury

Decreased cardiac output
Myocardial ischemia or infarction
Cardiomyopathy
Valvular disease
Pericardial disease
Cardiac tamponade
Cardiac dysrhythmias
Pulmonary embolus
Tension pneumothorax
Drug induced (beta-blockers, calcium channel blockers)

Decreased vascular tone
Sepsis
Allergic reactions (anaphylactic, anaphylactoid)
Spinal shock (cord injury, iatrogenic high spinal)
Adrenal insufficiency  

BOX 96-7 Differential Diagnosis of 
Hypotension in the Postanesthesia Care Unit
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such, it responds favorably to intravenous fluid adminis-
tration. Common causes of decreased intravascular fluid 
volume in the immediate postoperative period include 
ongoing third-space translocation or loss of fluid, inad-
equate intraoperative fluid replacement (especially in 
patients who undergo major intraabdominal procedures 
or preoperative bowel preparation), and loss of sympa-
thetic nervous system tone as a result of neuraxial (spinal 
or epidural) blockade.

Ongoing bleeding should be ruled out in patients with 
hypotension who have undergone a surgical procedure in 
which significant blood loss is possible. Regardless of the 
estimated intraoperative blood loss, the measured blood 
loss may be inaccurate. If the patient is unstable, then 
hemoglobin can be measured at the bedside to eliminate 
laboratory turnover time. In addition, tachycardia may 
not be a reliable indicator of hypovolemia or anemia (or 
both) if the patient is taking beta-blockers or calcium 
channel blockers.

Distributive (Decreased Afterload)
Distributive shock in the PACU may be the result of a 
number of physiologic derangements, including iatro-
genic sympathectomy, critical illness, allergic reactions, 
and sepsis. Iatrogenic sympathectomy, secondary to 
regional anesthetic techniques, is an important cause of 
hypotension in the perioperative period. A high sympa-
thetic block (to T4) will decrease vascular tone and block 
the cardioaccelerator fibers. If not treated promptly, then 
the resulting bradycardia in the presence of severe hypo-
tension can lead to cardiac arrest even in young healthy 
patients.83 Vasopressors, including phenylephrine and 
ephedrine, are pharmacologic treatments of hypoten-
sion caused by residual sympathetic nervous system 
blockade.

Patients who are critically ill may rely on exagger-
ated sympathetic nervous system tone to maintain sys-
temic blood pressure and heart rate. In these patients, 
even minimal doses of inhaled anesthetics, opioids, 
or sedative-hypnotics can decrease sympathetic ner-
vous system tone and produce significant systemic 
hypotension.

Allergic (anaphylactic or anaphylactoid) reactions may 
be the cause of hypotension in the PACU. Epinephrine 
is the drug of choice to treat hypotension secondary to 
an allergic reaction. Increased serum tryptase concentra-
tions confirm the occurrence of an allergic reaction, but 
an elevated tryptase level does not differentiate anaphy-
lactic from anaphylactoid reactions. The blood specimen 
for tryptase determination must be obtained within 30 
to 120 minutes after the allergic reaction, but the results 
may not be available for several days. Neuromuscular 
blocking drugs are the most common cause of anaphylac-
tic reactions in the surgical setting (Table 96-3).84,85

If sepsis is suspected as the cause of hypotension in the 
PACU, then blood should be obtained for culture, and 
empirical antibiotic therapy should be initiated before 
transferring the patient to the assigned unit. Urinary tract 
manipulation and biliary tract procedures are examples of 
interventions that can result in a sudden onset of severe 
systemic hypotension secondary to sepsis. Although fluid 
resuscitation is the most important immediate intervention, 
pressor support is often required—at least transiently. Nor-
epinephrine is the pressor of choice in septic patients. 
Vasopressin deficiency has been shown to contribute to 
vasodilation in septic shock,86 and low-dose vasopressin 
(0.01 to 0.05 unit/min) improves mean arterial pressure, 
decreases catecholamine vasopressor requirement, and 
may spare renal function in severe  septic shock.87

Cardiogenic (Intrinsic Pump Failure)
Significant cardiogenic causes of postoperative hypo-
tension include myocardial ischemia and infarction, 
cardiomyopathy, cardiac tamponade, and cardiac dys-
rhythmias. The differential diagnosis depends on the 
surgical procedure and the patient’s preoperative cardiac 
risk and medical condition. To determine the cause of 
the hypotension, central venous pressure monitoring, 
echocardiography, and, rarely, pulmonary artery catheter 
monitoring may be required.

MYOCARDIAL ISCHEMIA: EVALUATION 
AND TREATMENT

PATIENTS AT LOW RISK

Interpretation of changes on the ECG in the PACU is 
influenced by the patient’s cardiac history and risk index. 
In patients at low risk—younger than 45 years of age, with 
no known cardiac disease, and only one risk factor—post-
operative ST-segment changes on the ECG do not usually 
indicate myocardial ischemia. Relatively benign causes 
of ST changes in patients at low risk include anxiety, 
esophageal reflux, hyperventilation, and hypokalemia. In 
general, these patients require only routine PACU obser-
vation unless associated signs and symptoms warrant 
further clinical evaluation. A more aggressive evaluation 

TABLE 96-3 DRUGS INVOLVED IN PERIOPERATIVE 
ANAPHYLAXIS 

Substance

Incidence of 
Perioperative 
Anaphylaxis (%)

Most Commonly 
Associated With 
Perioperative 
Anaphylaxis

Muscle relaxants 69.2 Succinylcholine, 
rocuronium, 
atracurium

Natural rubber 
latex

12.1 Latex gloves, 
tourniquets, Foley 
catheters

Antibiotics 8 Penicillin and other 
beta-lactams

Hypnotics 3.7 Propofol, thiopental
Colloids 2.7 Dextran, gelatin
Opioids 1.4 Morphine, meperidine
Other substances 2.9 Propacetamol, 

aprotinin, 
chymopapain, 
protamine, 
bupivacaine

From Hepner DL, Castells MC: Anaphylaxis during the perioperative period, 
Anesth Analg 97:1381-1395, 2003.



is indicated if the changes are accompanied by cardiac 
rhythm disturbances or hemodynamic instability (or 
both) (see also Chapter 39).

PATIENTS AT HIGH RISK

In contrast to patients at low risk, ST-segment and T-wave 
changes on the ECG in patients at high risk can be signifi-
cant even in the absence of typical signs or symptoms. In 
this patient population, any ST or T-wave changes that 
are compatible with myocardial ischemia should prompt 
further evaluation to rule out myocardial ischemia. Deter-
mination of serum troponin levels is indicated when 
myocardial ischemia or infarction is suspected in the 
PACU. Once blood samples for measurement of troponin 
are obtained and a 12-lead ECG is completed, arrange-
ments must be made for the appropriate cardiac monitor-
ing and cardiology follow-up.

CARDIAC MONITORING

In the immediate postoperative period, myocardial isch-
emia is rarely accompanied by chest pain, and confirm-
ing myocardial ischemia in a patient in the PACU is 
dependent on the sensitivity of the cardiac monitoring 
(see also Chapters 45, and 47). Although a combination 
of leads II and V5 will reflect 80% of the ischemic events 
detected on a 12-lead ECG, visual interpretation of the 
cardiac monitor is often inaccurate. Because of human 
error, the American College of Cardiology guidelines 
recommend that computerized ST-segment analysis be 
used (if available) to monitor this patient population in 
the immediate postoperative period.88 A recent small-
scale, single-center study by Goldman and associates 
suggests that a postoperative 12-lead ECG obtained in 
the PACU may be a valuable tool to adjust risk stratifica-
tion in patients older than 50 years of age who are at low 
risk for cardiac ischemia.89 However, at this time a rou-
tine postoperative 12-lead ECG is recommended only 
for patients with known or suspected coronary artery 
disease who have undergone high- or intermediate-risk 
surgery.

CARDIAC DYSRHYTHMIAS

Perioperative cardiac dysrhythmias are frequently tran-
sient and multifactorial (see Box 96-6). Reversible causes 
of cardiac dysrhythmias in the perioperative period 
include hypoxemia, hypoventilation and associated 
hypercapnia, endogenous or exogenous catecholamines, 
electrolyte abnormalities, acidemia, fluid overload, ane-
mia, and substance withdrawal.90

TACHYCARDIA

Common causes of sinus tachycardia in the PACU 
include pain, agitation, hypoventilation with associated 
hypercapnia, hypovolemia, and shivering. Less common 
but serious causes include bleeding, cardiogenic or septic 
shock, pulmonary embolism, thyroid storm, and malig-
nant hyperthermia.
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ATRIAL DYSRHYTHMIAS

The incidence of new postoperative atrial dysrhythmias 
may be as high as 10% after major noncardiothoracic 
surgery. The incidence is even higher after cardiac and 
thoracic procedures when the cardiac dysrhythmia is 
often attributed to atrial irritation.91 The risk of post-
operative atrial fibrillation is increased by preexisting 
cardiac risk factors, positive fluid balance, electrolyte 
abnormalities, and oxygen desaturation.92 These new-
onset atrial dysrhythmias are not benign because they 
are associated with a longer hospital stay and increased 
mortality.93

VENTRICULAR DYSRHYTHMIAS

Premature ventricular contractions (PVCs) and ventricu-
lar bigeminy commonly occur in the PACU. PVCs most 
often reflect increased sympathetic nervous system stim-
ulation that may accompany tracheal intubation, pain, 
and transient hypercapnia. True ventricular tachycardia 
is rare and indicative of an underlying cardiac pathologic 
condition. In the case of torsades de pointes, QT prolon-
gation on the ECG may be intrinsic or drug related (e.g., 
amiodarone, procainamide, droperidol).

BRADYDYSRHYTHMIAS

Bradycardia in the PACU is often iatrogenic. Drug-related 
causes include beta-blocker therapy, anticholinesterase 
reversal of neuromuscular blockade, opioid administra-
tion, and treatment with dexmedetomidine. Procedure- 
and patient-related causes include bowel distention, 
increased intracranial or intraocular pressure, and spinal 
anesthesia. A high spinal block that blocks the cardioac-
celerator fibers originating from T1 through T4 can pro-
duce severe bradycardia. The resulting sympathectomy, 
bradycardia, and possible intravascular fluid volume 
depletion and associated decreased venous return can 
produce sudden bradycardia and cardiac arrest, even in 
young healthy patients.

ATRIAL FIBRILLATION

Control of the ventricular response rate is the imme-
diate goal in the treatment of new-onset atrial fibril-
lation. Patients who are hemodynamically unstable 
may require prompt electrical cardioversion, but most 
patients can be pharmacologically treated with an 
intravenous beta-adrenergic blocker or calcium chan-
nel blocker.94 Diltiazem is the calcium channel blocker 
of choice for patients in whom beta-blockers are con-
traindicated. If hemodynamic instability is a concern, 
then the short-acting beta-blocker esmolol is an option. 
Rate control with these agents is often enough to result 
in chemical cardioversion for the postoperative patient 
whose arrhythmia may be catecholamine driven. If 
the goal of therapy is chemical cardioversion, then an 
amiodarone load can be initiated in the PACU with 
the knowledge that QT prolongation, bradycardia, and 
hypotension may accompany the intravenous infusion 
of this drug.
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TREATMENT

The urgency of treatment of a cardiac dysrhythmia 
depends on the physiologic consequences of the dysrhyth-
mia, principally hypotension or cardiac ischemia or both. 
Tachydysrhythmias decrease coronary perfusion time and 
increase myocardial oxygen consumption. Their impact 
depends on the patient’s underlying cardiac function, and 
they are most harmful in patients with coronary artery dis-
ease. Bradycardia has a more deleterious effect in patients 
with a fixed stroke volume, such as infants and patients 
with restrictive pericardial disease or cardiac tamponade. 
For the most part, treatment relies on identifying and cor-
recting the underlying cause (e.g., hypoxemia, electrolyte 
abnormalities).95 The possible role of myocardial ischemia 
or the occurrence of pulmonary embolism must be con-
sidered when contemplating treatment options.

RENAL DYSFUNCTION

The differential diagnosis of postoperative renal dysfunc-
tion includes prerenal, intrarenal, and postrenal causes 
(Box 96-8). Frequently, the cause is multifactorial, with 
an intraoperative insult exacerbating a preexisting renal 
insufficiency. In the PACU, diagnostic efforts should focus 
on the identification and treatment of the readily revers-
ible causes of oliguria (e.g., urine output less than 0.5 mL/
kg/hr). For example, urinary catheter obstruction or dislodg-
ment is easily remedied and often overlooked (see Box 
96-8). When appropriate, one should confer with the sur-
gical team regarding the details of the surgical procedure 
(urologic or gynecologic) to rule out anatomic obstruction 
or disruption of the ureters, bladder, or urethra.

OLIGURIA

Intravascular Volume Depletion
The most common cause of oliguria in the immediate 
postoperative period is depletion of intravascular fluid 

pReReNal

Hypovolemia (bleeding, sepsis, third-space fluid loss, inadequate 
volume resuscitation)

Hepatorenal syndrome
Low cardiac output
Renal vascular obstruction or disruption
Intraabdominal hypertension

ReNal

Ischemia (acute tubular necrosis)
Radiographic contrast dyes
Rhabdomyolysis
Tumor lysis
Hemolysis

postReNal

Surgical injury to the ureters
Obstruction of the ureters with clots or stones
Mechanical (urinary catheter obstruction or malposition)  

BOX 96-8 Postoperative Oliguria
volume. In this regard, a fluid challenge (500 to 1000 mL 
of crystalloid) is usually effective in restoring urine out-
put. A hematocrit measurement is indicated when surgi-
cal blood loss is suspected and repeated volume boluses 
are required to maintain urine output. Volume resuscita-
tion to maximize renal perfusion is particularly important 
to prevent ongoing ischemic injury and the development 
of acute tubular necrosis.

A number of perioperative events may alter renal per-
fusion. Preoperative or intraoperative angiography can 
result in ischemic injury, secondary to renal vasoconstric-
tion and direct renal tubular injury. Perioperative volume 
depletion can exacerbate hepatorenal syndrome or acute 
tubular necrosis caused by sepsis. The surgical procedure, 
itself, can alter renal vascular patency, decreasing renal 
perfusion. Finally, increased intraabdominal pressure 
(IAP) can impair renal perfusion.

If a fluid challenge is contraindicated or oliguria per-
sists, then assessment of intravascular fluid volume status 
and cardiac function is indicated to differentiate hypo-
volemia from sepsis and low cardiac output states. Frac-
tional excretion of sodium can be useful in determining 
the adequacy of renal perfusion, assuming that diuretics 
have not been given. However, the diagnosis of prerenal 
azotemia will not differentiate hypovolemia, congestive 
heart failure, or hepatorenal syndrome. Further evalua-
tion with central venous monitoring or echocardiogra-
phy, or both, may facilitate the differential diagnosis.

Postoperative Urinary Retention
Postoperative urinary retention can cause bladder over-
distention and permanent detrusor damage. Ultrasonog-
raphy can measure bladder volume and identify urinary 
retention in the PACU.96 Using this technique, Keita and 
associates attempted to identify patients at high risk by 
measuring bladder volume in 313 adult inpatients on 
admission to and before discharge from the PACU. They 
collected data on age, sex, history of urinary retention, 
intraoperative administration of anticholinergic agents, 
amount of intraoperative fluid administration, and intra-
venous use of morphine. Urinary retention was defined 
as bladder volume greater than 600 mL in conjunction 
with an inability to void within 30 minutes. In this study, 
the incidence of postoperative urinary retention in the 
PACU was 16%. The most significant predictive factors 
were age older than 50 years, intraoperative fluid more 
than 750 mL, and bladder volume on entry to the PACU 
greater than 270 mL.97 This study argues for the use of 
ultrasound to identify patients at high risk for possible 
urinary retention.

CONTRAST NEPHROPATHY

Angiography with intravascular stent placement is replac-
ing open surgical procedures to treat carotid stenosis, aor-
tic aneurysm, and peripheral vascular disease. As a result, 
contrast nephropathy will be more frequently included 
in the differential diagnosis of postoperative renal dys-
function. Perioperative attention to adequate hydration 
is indicated in any patient who has received an intra-
venous contrast agent. Aggressive hydration with nor-
mal saline provides the single most effective protection 



against contrast nephropathy. Alkalinization of the urine 
with sodium bicarbonate has been shown to provide 
additional protection.91 If bicarbonate is used for renal 
protection, then 154 mEq/L should be infused at a rate 
of 3 mL/kg/hr for 1 hour before injection of a contrast 
agent, followed by 1 mL/kg/hr for 6 hours.98 Mucomyst 
is a relatively inexpensive and easily administered medi-
cation (single oral dose before and after procedure) that 
may also provide protection.99 Although a number of 
studies support the efficacy of Mucomyst, meta-analysis 
does not consistently confirm its usefulness.100,101

INTRAABDOMINAL HYPERTENSION

Intraabdominal hypertension should be considered in 
any patient with oliguria and a tense abdomen on exami-
nation after abdominal surgery. Elevated IAP can impede 
renal perfusion and lead to renal ischemia and postop-
erative renal dysfunction. Normal IAP in a patient who 
is not obese is approximately 5 mm Hg. Intraabdominal 
hypertension is graded into four categories: I: 12 to 15 
mm Hg; II: 16 to 20 mm Hg; III: 21 to 25 mm Hg; and IV: 
greater than 25 mm Hg. Abdominal compartment syn-
drome is defined as an IAP greater than 20 mm Hg with 
or without an abdominal perfusion pressure less than 50 
mm Hg.102 In a prospective study of patients undergoing 
major abdominal surgery, intraabdominal hypertension 
accounted for 40% of new-onset renal insufficiency. In 
this study, postoperative renal impairment was indepen-
dently associated with four factors: hypotension, sepsis, 
older age, and increased abdominal pressure.103 Bladder 
pressure, an indirect measure of IAP, should be measured 
in patients in whom intraabdominal hypertension is sus-
pected to ensure the initiation of prompt intervention to 
relieve the pressure and to restore renal perfusion. Bladder 
pressure is measured at end expiration with the patient 
in the supine position and in the absence of abdominal 
muscle contractions. As with arterial pressure measure-
ments, the transducer is placed in the midaxillary line.103

RHABDOMYOLYSIS

Rhabdomyolysis may complicate the postoperative 
course of patients who have suffered major crush or ther-
mal injury. The incidence is also significantly increased in 
patients who are morbidly obese who undergo bariatric 
surgery. Rhabdomyolysis has been reported to occur in 
22.7% of 66 consecutive patients undergoing laparoscopic 
bariatric surgery.104-106 Risk factors include increased BMI 
and the length of the surgery. Patient history and the 
operative course should guide the decision to measure 
creatine phosphokinase in the PACU.104 Early aggressive 
hydration to maintain urine output is the mainstay of 
treatment. Loop diuretics can be used to flush the renal 
tubules and to avoid fluid overload. The infusion of 
mannitol to enhance the elimination of myoglobin casts 
from the renal tubules and bicarbonate to protect against 
myoglobin toxicity is commonly practiced but may not 
provide further benefit. In a study of more than 2000 
trauma patients with rhabdomyolysis, the infusion of 
bicarbonate and mannitol did not further decrease the 
incidence of acute renal failure.107 No evidence suggests 
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that renal dose dopamine affords renal protection in 
this setting.108 In severe cases, an attempt can be made 
to remove myoglobin by continuous renal replacement 
therapy. Unlike conventional hemodialysis filters that do 
not remove circulating myoglobin, high-flux membranes 
can be effective. Continuous renal replacement modes 
typically use high-flux membranes. Additionally, convec-
tion (i.e., the mechanism of solute removal in continuous 
hemofiltration) removes larger molecular weight solutes 
than diffusion (i.e., the mechanism of solute removal in 
conventional hemodialysis).109

BODY TEMPERATURE AND SHIVERING

Postoperative shivering often occurs after general and 
epidural anesthesia (see also Chapter 54). The inci-
dence of postoperative shivering may be as high as 65% 
(range, 5% to 65%) after general anesthesia and 33% 
after epidural anesthesia. Identified risk factors include 
male gender and the choice of induction agent; propo-
fol is more commonly associated with shivering than is 
pentothal.110

MECHANISM

Postoperative shivering is usually, but not always, asso-
ciated with hypothermia. Although thermoregulatory 
mechanisms can explain shivering in the patient with 
hypothermia, a number of different mechanisms have 
been proposed to explain shivering in normothermic 
patients. One proposed mechanism is based on the obser-
vation that the brain and spinal cord do not simultane-
ously recover from general anesthesia. The more rapid 
recovery of spinal cord function is thought to result in 
uninhibited spinal reflexes exhibited as clonic activity. 
This theory is supported by the fact that doxapram, a 
central nervous system stimulant, is somewhat effective 
in abolishing postoperative shivering. Other proposed 
mechanisms include the action of κ- opioid, N-methyl-
d-aspartate (NMDA), and 5-hydroxytryptamine recep-
tors. The higher incidence of postanesthetic shivering in 
patients who receive high-dose remifentanil is thought 
to be by the same mechanism that causes hyperalgesia 
in these patients; sudden opioid withdrawal resulting 
in the stimulation of N-methyl-d-aspartate receptors.111 
Additional support for this theory comes from the same 
authors who found that a small dose of intraoperative 
ketamine reduced the incidence of remifentanil-induced 
postanesthetic shivering.112 Tramadol, a weak μ-opioid–
receptor agonist and norepinephrine and serotonin 
reuptake inhibitor, has been shown to be effective in pre-
venting postoperative shivering while also contributing 
to analgesia.113

TREATMENT

Intervention includes the identification and treatment of 
hypothermia, if present. Accurate core body temperatures 
can be most easily obtained at the tympanic membrane. 
Axillary, rectal, and nasopharyngeal temperature mea-
surements are less accurate and may underestimate the 
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core temperature. Forced air warmers are used to warm 
the patient with hypothermia. A number of opioids, 
ondansetron,114 and clonidine115 have been shown to be 
effective in abolishing shivering once it starts; however, 
in adults, meperidine, 0.35 to 0.4 mg/kg (12.5 to 25 mg 
IV), is most commonly used. The infusion of low-dose 
ketamine (0.5 mg/kg IV) before general116 and regional 
anesthesia117 has been shown to be an effective prophy-
lactic measure.

CLINICAL EFFECTS

In addition to significant patient discomfort, postoperative 
shivering increases oxygen consumption, carbon dioxide 
production, and sympathetic tone and is associated with 
increased cardiac output, heart rate, systemic blood pres-
sure, and intraocular pressure. Patients who are hypother-
mic on arrival in the PACU should be actively warmed to 
avoid these immediate complications, as well as delayed 
consequences of hypothermia. Mild-to-moderate hypo-
thermia (33° C to 35° C) inhibits platelet function, coagu-
lation factor activity, and drug metabolism. It exacerbates 
postoperative bleeding, prolongs neuromuscular block-
ade, and may delay awakening. Whereas these immedi-
ate consequences are associated with a prolonged PACU 
stay,118 long-term deleterious effects include an increased 
incidence of myocardial ischemia and myocardial infarc-
tion, delayed wound healing, and increased perioperative 
mortality.

POSTOPERATIVE NAUSEA AND VOMITING

Without prophylactic intervention, approximately one 
third of patients who undergo inhalational anesthesia 
will develop PONV (range, 10% to 80%) (see also Chap-
ter 97).119 The consequences of PONV include delayed 
discharge from the PACU, unanticipated hospital admis-
sion, increased incidence of pulmonary aspiration, and 
significant postoperative discomfort. The ability to iden-
tify patients at high risk for prophylactic intervention 
can significantly improve the quality of patient care and 
satisfaction in the PACU. From a patient’s perspective, 
PONV may be more uncomfortable than postoperative 
pain.

PREVENTION AND TREATMENT

Prophylactic measures to prevent PONV include modi-
fication of the anesthetic technique and pharmacologic 
intervention. In a randomized controlled multicenter 
multifactorial trial, Apfel and associates studied the 
efficacy of six prophylactic interventions in patients 
at high risk for PONV (greater than 40%).119 Interven-
tions were both pharmacologic and technique related. 
Pharmacologic intervention included droperidol, 1.25 
mg; dexamethasone, 4 mg; or ondansetron, 4 mg. Anes-
thetic intervention included propofol in lieu of a volatile 
anesthetic, nitrogen in lieu of nitrous oxide, or remifen-
tanil in lieu of fentanyl. More than 4000 patients were 
assigned to 1 of 64 possible combinations. The study 
found that each of the three antiemetic medications 
duced the relative risk of PONV to the same degree 
6%). Together, propofol (19% decrease) and nitrogen 
2% decrease) reduced the relative risk of PONV to a 
milar degree.
Although prophylactic measures to prevent PONV are 

ore effective than rescue, a subset of patients will require 
eatment in the PACU even after appropriate prophylac-
c treatment. No convincing evidence suggests that any of 
e serotonin-receptor antagonists commonly prescribed 

t this time are more effective than any others. Box 96-9 
sts the different classes of antiemetic medications com-
only prescribed in the PACU. If an adequate dose of 

ntiemetic medication given at the appropriate time is 
effective, then simply giving more of the same class of 

rug in the PACU is unlikely to be of significant benefit.
Aprepitant (Emend), a substance P antagonist that 

locks the neurokinin 1 (NK1) receptor, may be effective 
 very high-risk patients and refractory cases. The recom-
ended dose is 40 mg by mouth before anesthesia. Initial 

linical trials have shown the drug to be effective for up 
 48 hours after surgery.120

ELIRIUM

pproximately 10% of patients older than 50 years of age 
ho undergo elective surgery will experience some degree 
f postoperative delirium within the first 5 postoperative 
ays (see Chapter 79).121 The incidence is significantly 
igher for certain procedures, such as repair of hip frac-
re (>35%)122 and bilateral knee replacement (41%).123 

lthough the majority of these patients are older adults 
ho develop delirium within the first several postopera-
ve days, the percentage who become delirious while 

aNtiCHoliNeRgiCs

Scopolamine (0.3-0.65 mg IV)
Scopolamine (1.5 mg) Transdermal patch applied to a  hairless 

area behind the ear before surgery; remove 24 hours 
postoperatively.

aNtiHistamiNes

Hydroxyzine (12.5-25 mg IM)
Phenothiazines
Promethazine (12.5-25 mg IM)

pRokiNetiCs

Metoclopramide (10-20 mg IV) Avoid if any gastrointestinal 
obstruction is possible.

seRotoNiN-ReCeptoR aNtagoNists

Ondansetron (4 mg IV) Administer 30 minutes before the 
 conclusion of surgery.

Anzemet (12.5 mg IV) Administer 15 to 30 minutes before the 
end of surgery.

vasopRessoRs

Ephedrine (25 mg IM) with hydroxyzine (25 mg)

CoRtiCosteRoids

Dexamethasone (4-8 mg IV) Administer with the induction of 
anesthesia.  

BOX 96-9 Commonly Used Antiemetic 
Medications (Adult Doses)



recovering in the PACU is not well known; many stud-
ies of postoperative delirium and postoperative cognitive 
dysfunction (POCD) do not evaluate the PACU stay.124 
The American Psychiatric Association defines delirium as 
an acute change in cognition or disturbance of conscious-
ness that cannot be attributed to a preexisting medical 
condition, substance intoxication, or medication125; 
however, preexisting conditions such as age, functional 
status, and substance abuse influence the risk of immedi-
ate postoperative delirium.

RISK FACTORS

Persistent postoperative delirium is generally a condi-
tion of older adult patients.126 It is a costly complication 
in both human and monetary terms because it increases 
the length of hospital stay, pharmacy costs, and mor-
tality. Adult patients at risk for postoperative delirium 
can be identified before surgery. The most significant 
preoperative risk factors include: (1) advancing age 
(70 years and older), (2) preoperative cognitive impair-
ment, (3) decreased functional status, (4) alcohol abuse, 
and (5) history of delirium. Intraoperative factors that 
are predictive of postoperative delirium include surgical 
blood loss, hematocrit less than 30%, and the number 
of intraoperative blood transfusions.121,126 In adults, 
intraoperative hemodynamic derangements (hypoten-
sion),127 the administration of nitrous oxide,128 and the 
anesthetic technique (general versus regional)129 have 
not been shown to increase the risk of postoperative 
delirium or longer-term POCD.

Clinical evaluation of a patient with delirium in the 
PACU includes a thorough evaluation of any underlying 
disease or metabolic derangement, such as hepatic and/
or renal encephalopathy. The workup for postoperative 
delirium must exclude or treat iatrogenic factors, includ-
ing inadequate hydration, perioperative medications, 
arterial hypoxemia, hypercapnia, pain, sepsis, and elec-
trolyte abnormalities.

MANAGEMENT

Identifying the patient at high risk for delirium before 
admission to the PACU is useful.126,130 Patients who are 
severely agitated may require restraints and/or additional 
personnel to control their behavior and to avoid self-
inflicted injuries. Early identification of patients at high 
risk can also guide postoperative pharmacologic therapy. 
Patients older than 60 years of age who are to undergo 
minor surgery should be scheduled in an outpatient center 
whenever possible to minimize the incidence of POCD.131

EMERGENCE EXCITEMENT

Persistent postoperative delirium should not be confused 
with emergence excitement, a transient confusional state 
that is associated with emergence from general anes-
thesia. Emergence excitement is common in children, 
with more than 30% experiencing agitation or delirium 
at some period during their PACU stay. It usually occurs 
within the first 10 minutes of recovery but can have later 
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onset in children who are brought to the recovery room 
asleep. The peak age of emergence excitement in children 
is between 2 and 4 years.132 Unlike delirium, emergence 
excitement typically resolves quickly and is followed by 
an uneventful recovery.133

In children, emergence excitement is most frequently 
associated with rapid “wake up” from inhalational anesthe-
sia. Although it has also been reported after isoflurane134 
and, to a lesser extent, halothane135 anesthesia, emergence 
excitement is most often associated with the less-soluble 
vapors, sevoflurane136 and desflurane. Several studies sug-
gest that the incidence of emergence excitement is more 
a reflection of the anesthetic agent used rather than the 
rapidity of emergence.137 In studies comparing sevoflu-
rane and propofol, propofol resulted in a significantly 
smoother awakening than sevoflurane, despite rapid 
emergence. Furthermore, delaying emergence by a slow 
reduction in the inhaled concentration of sevoflurane did 
not reduce the incidence of emergence excitement.138

In addition to rapid emergence, the literature supports 
a number of possible etiologic factors, including intrinsic 
characteristics of the anesthetic, postoperative pain, type 
of surgery, age, preoperative anxiety, underlying tem-
perament, and adjunct medications. Awareness of these 
contributors allows for the identification and treatment 
of children who are at increased risk.133

Simple preventive measures should be taken to treat 
children at risk. These include reducing preoperative 
anxiety, treating postoperative pain, and providing a 
stress-free environment for recovery. Medications that 
have been used to prevent and treat emergence agita-
tion and delirium in children include midazolam,139 
clonidine,140-142 dexmedetomidine,143,144 fentanyl,145,146 
ketorolac,147 and physostigmine.148 In children, the 
most common preoperative anxiolytic, midazolam, has 
produced conflicting data. Although midazolam is gen-
erally associated with a decrease in the incidence and 
duration of postoperative delirium, not all studies are in 
agreement. In studies in which midazolam has not been 
shown to be beneficial, determining whether midazolam 
is an independent factor or merely a reflection of other 
preoperative variables remains unclear.149

The incidence of emergence excitement in adults is 
significantly less than in children and estimated to be 
between 3% and 4.7%.150 One study found that signifi-
cant surgical- and anesthesia-related risk factors included 
preoperative medication with midazolam (odds ratio [OR] 
1.9), breast surgery (OR 5.190), abdominal surgery (OR 
3.206), and, to a lesser extent, the length of surgery.150

DELAYED AWAKENING

Even after prolonged surgery and anesthesia, a response 
to stimulation in 60 to 90 minutes should occur.151 When 
delayed awakening occurs, evaluating the vital signs 
(e.g., systemic arterial blood pressure, arterial oxygen-
ation, ECG, body temperature) and performing a neuro-
logic examination are important steps; patients may be 
hyperreflexic in the early postoperative period. Monitor-
ing with pulse oximetry and analysis of arterial blood 
gases and pH can detect problems of oxygenation and 
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ventilation. Additional blood studies may be indicated to 
evaluate possible electrolyte derangements and metabolic 
disturbances (e.g., blood glucose concentration).

Residual sedation from drugs used during anesthesia 
is the most frequent cause of delayed awakening in the 
PACU. If residual effects of opioids are a possible cause 
of delayed awakening, then titrated intravenous doses of 
naloxone (20- to 40-μg increments in adults) should be 
carefully administered while keeping in mind that this 
treatment will also antagonize opioid-induced analgesia. 
Physostigmine may be effective in reversing the central 
nervous system sedative effects of anticholinergic drugs, 
especially scopolamine. Flumazenil is a specific antago-
nist for the residual depressant effects of benzodiaze-
pines. In the absence of pharmacologic effects to explain 
delayed awakening, considering other causes, such as 
hypothermia (especially a body temperature lower than 
33° C), hypoglycemia, and increased intracranial pres-
sure, is important. Computed tomography may be indi-
cated in patients in whom a central nervous system cause 
of delayed awakening is a consideration. A stat measure-
ment of serum glucose is indicated if hypoglycemia is a 
possibility, as in patients with known insulin-dependent 
diabetes mellitus. Residual neuromuscular block may 
appear to be delayed awakening. Confirmation with 
peripheral nerve stimulation and administration of a 
reversal agent should correct this situation.

DISCHARGE CRITERIA

Although specific PACU discharge criteria may vary, certain 
general principles are universally applicable (Box 96-10).2 To 
summarize, a mandatory minimum stay in the PACU is not 
required. Patients must be observed until they are no longer 
at risk for ventilatory depression and their mental status is 
clear or has returned to baseline. Hemodynamic criteria are 
based on the patient’s baseline hemodynamics without spe-
cific systemic blood pressure and heart rate requirements. 

 1.  Patients should be alert and oriented or mental status 
returned to baseline.

 2.  A minimum mandatory stay is not required.
 3.  Vital signs should be stable and within acceptable limits.
 4.  Discharge should occur after patients have met specified 

criteria.
 5.  Use of scoring systems may assist in documenting fitness for 

discharge.
 6.  The requirement to urinate before discharge and drink and 

retain clear liquids should not be part of a routine discharge 
protocol, although these requirements may be appropriate 
for selected patients.

 7.  Outpatients should be discharged to a responsible adult who 
will accompany them home.

 8.  Outpatients should be provided with written instructions 
regarding postprocedure diet, medications, activities, and a 
telephone number to call in case of emergency.  

BOX 96-10 Summary of Recommendations  
for Discharge

Modified from American Society of Anesthesiologists Task Force on Postan-
esthetic Care: Practice Guidelines for Postanesthetic Care, Anesthesiology 
96:742-752, 2002.
An assessment and written documentation of the patient’s 
peripheral nerve function on discharge from the PACU may 
become useful information should a new peripheral neurop-
athy develop in the later postoperative period.

POSTANESTHESIA SCORING SYSTEMS

In 1970, Aldrete and Kroulik developed a postanesthesia 
scoring system to monitor recovery from anesthesia. The 
original Aldrete score assigned a number of 0, 1, or 2 to 
five variables: activity, respiration, circulation, conscious-
ness, and color. A score of 9 out of 10 was considered 
adequate for discharge from the PACU.152 Over the years, 
this system has been modified to keep up with advances 
in technology and anesthesia practice, including the 
expansion of ambulatory surgery. In 1995, pulse oxim-
etry replaced visual assessment of oxygenation, and addi-
tional assessments were added to accommodate patients 
undergoing ambulatory surgery (Tables 96-4 and 96-5).153

With the increase in number and complexity of outpatient 
surgeries, various authors have amended discharge criteria 
to include an assessment of home readiness. The resulting 
postanesthesia discharge scoring system (PADSS) contin-
ues to evolve. It was initially based on five criteria: (1) vital 
signs, (2) ambulation and mental status, (3) pain and nausea 
and vomiting, (4) surgical bleeding, and (5) fluid intake and 
output. The current version has been modified to separate 
pain from nausea and vomiting and to eliminate the need 
to urinate before discharge.154-158 In the ambulatory surgi-
cal setting, postoperative pain is the most significant cause 
of delayed discharge and unplanned hospital admission (see 

TABLE 96-4 CRITERIA FOR THE DETERMINATION 
OF DISCHARGE SCORE FOR RELEASE FROM THE 
POSTANESTHESIA CARE UNIT 

Variable Evaluated Score

Activity
 Able to move four extremities on command 2
 Able to move two extremities on command 1
 Able to move no extremities on command 0
Breathing
 Able to breathe deeply and cough freely 2
 Dyspnea 1
 Apnea 0
Circulation
 Systemic blood pressure ≤ 20% of the 

preanesthetic level
2

 Systemic blood pressure is 20% to 50% of  
the preanesthetic level

1

 Systemic blood pressure ≥ 50% of the 
preanesthetic level

0

Consciousness
 Fully awake 2
 Arousable 1
 Not responding 0
Oxygen Saturation (Pulse Oximetry)
 >92% while breathing room air 2
 Needs supplemental oxygen to maintain 

saturation >90%
1

 <90% with supplemental oxygen 0

Modified from Aldrete JA: The postanaesthesia recovery score revisited,  
J Clin Anesth 7:89-91, 1995.



Chapter 89). In an effort to improve patient satisfaction and 
a timely discharge, Chung and associates identified a subset 
of high-risk patients who are likely to benefit from intense 
prophylactic analgesic therapy. This study of 10,008 consec-
utive ambulatory surgical patients found that the incidence 
and intensity of postoperative pain increased with higher 
BMIs and duration of anesthesia. Orthopedic and urologic 
procedures were the most significant surgical factors.159

PACU Standards of Care require that a physician accept 
responsibility for the discharge of patients from the unit 
(Standard V),1 even when the decision to discharge the 
patient is made at the bedside by the PACU nurse in 
accordance with hospital-sanctioned discharge criteria or 
scoring systems. If discharge criteria are to be used, then 
the department of anesthesia and the hospital medical 
staff must first approve them. A responsible physician’s 
name must be noted on the record.

INFECTION CONTROL

Limitations in space,148 staffing,160,161 and time contrib-
ute to the transmission of infectious organisms in the 
PACU. The PACU is typically an open unit without physi-
cal barriers between bed stations. Nurses and respiratory 

TABLE 96-5 CRITERIA FOR DETERMINATION OF 
DISCHARGE SCORE FOR RELEASE HOME TO A 
RESPONSIBLE ADULT 

Variable Evaluated Score*

Vital Signs (stable and consistent with age and preanesthetic 
baseline)
 Systemic blood pressure and heart rate within 

20% of the preanesthetic level
2

 Systemic blood pressure and heart rate 20% to 
40% of the preanesthetic level

1

 Systemic blood pressure and heart rate >40% 
of the preanesthetic level

0

Activity Level (able to ambulate at preoperative level)
 Steady gait without dizziness or meets the 

preanesthetic level
2

 Requires assistance 1
 Unable to ambulate 0
Nausea and Vomiting
 None to minimal 2
 Moderate 1
 Severe (continues after repeated treatment) 0
Pain (minimal to no pain, controllable with oral analgesics; 
location, type and intensity consistent with anticipated 
postoperative discomfort)
Acceptability:
 Yes 2
 No 1
Surgical Bleeding (consistent with that expected for the 
surgical procedure)
 Minimal (does not require dressing change) 2
 Moderate (up to two dressing changes 

required)
1

 Severe (more than three dressing changes 
required)

0

Modified from Marshall SI, Chang F: Discharge criteria and complications 
after ambulatory surgery, Anesth Analg 88:508-517, 1999.

* Patients achieving a score of at least 9 are acceptable for discharge.
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therapists simultaneously care for more than one patient, 
and admissions to the unit are transient with a length 
of stay measured in hours rather than days. To compli-
cate infection control monitoring, an infection resulting 
from a lapse in infection control in the PACU might not 
be identified by routine monitoring until days later on 
the surgical unit. In 1999, serial hand washing audits in 
a large metropolitan hospital cited the physical design of 
the PACU (open patient bays) as a significant barrier to 
improving hand-washing compliance.148

With these limitations in mind, it is not surprising that 
the PACU has been described as the “weakest link” in the 
chain of care that bridges the sterile technique practiced 
in the operating room with infection control protocols 
practiced on the surgical unit. Despite an awareness of 
the factors that increase the risk of infection in the PACU, 
no studies have addressed the problem until recently. A 
study of hand cleansing during postanesthesia care doc-
uments the poor compliance of PACU nurses with this 
standard infection control procedure.162,163 In this obser-
vational study of 3143 patient care activities, the aver-
age compliance with hand cleansing was only 19.6% 
on patient admission to the unit and 12.5% in patients 
already admitted to the unit. In this study, the intensity 
of patient care activities was an independent predictor of 
noncompliance; that is, the greater the workload, the less 
likely the nursing staff would comply with infection con-
trol measures. Additional independent factors included 
patients of advanced age (65 years and older) and those 
recovering from clean surgery (i.e., surgical sites in which 
the respiratory, alimentary, and urinary tracts are not 
entered) and clean-contaminated surgery (i.e., surgical 
sites in which respiratory, alimentary, genital, or urinary 
tracts are entered under controlled conditions without 
unusual contamination). As expected, compliance was 
best in patients with contaminated or known infected 
wounds.

The installation of bedside alcohol-based cleansers 
increases compliance of hand hygiene among heath care 
workers in the ICU.164-167 Although no equivalent study 
has been conducted in the PACU, the unit is similar to the 
ICU in workload and intensity of patient care. The Centers 
for Disease Control and Prevention’s Guideline for Hand 
Hygiene in Health-Care Settings recommends that an “alco-
hol based hand rub [be made] available at the entrance to 
the patient’s room or at the bedside, in other convenient 
locations, and in individual pocket-sized containers to be 
carried by [health care workers] HCWs.”168 Although the 
convenience of appropriately placed alcohol-based cleans-
ers is expected to improve hand-cleansing compliance, no 
follow-up studies in the PACU have been published.

FUTURE CONSIDERATIONS

INTENSIVE CARE

In recent years, the demand for ICU beds has significantly 
increased in the United States and in Europe. Because the 
PACU possesses the equipment and expertise to monitor, 
ventilate, and resuscitate patients recovering from general 
anesthesia, it has become the logical choice to provide 
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care for patients who are critically ill and for whom ICU 
beds are not available169 (see also Chapter 101). Although 
it is now common to care for patients who are critically ill 
in the PACU, the maintenance of quality patient care con-
tinues to challenge hospital administrators and staff.170

One obstacle to efficient ICU care in the PACU is the 
diversity of physician coverage required. Whereas the 
proximity of the surgical unit and the patient population 
recovering from anesthesia dictate that an anesthesiologist 
be the responsible physician for the majority of patients 
in the unit, patients in a nonsurgical ICU often require 
physician coverage by specialists who are unfamiliar with 
the unit and whose practices are located in distant areas 
of the hospital. As a result, PACU nurses must identify and 
contact physicians with whom they rarely interact.

Physician coverage (internist, anesthesiologist, or sur-
geon who is primarily responsible for patient care), pri-
vacy for family visitation (lack of space in a traditionally 
open unit), infection control (proximity of patient beds 
and rapid turnover of patients), and nursing competen-
cies (ongoing ICU training of staff) are some of the chal-
lenges facing the PACU today.171 In a study of 400 ICU 
overflow patients admitted to the PACU in the United 
Kingdom, Ziser and colleagues identified insufficient 
medical and nursing coverage, inadequate communica-
tions, and visiting facilities for patient’s families as the 
most significant problems facing the unit. The patients 
awaiting placement in the ICU in this study were on aver-
age 53 years of age with a mean length of stay of 12.9 
hours. Seventy percent were mechanically ventilated, 
77.8% required invasive monitoring, and 4.5% died in 
the PACU while awaiting placement in the ICU. The busi-
est hours of admission were 1 am to 11 am.172

In an effort to ensure the quality of patient care in 
the PACU, the professional societies responsible for the 
delivery of care in the unit have collaborated to develop 
standards for the care of ICU overflow patients. The “Joint 
Position Statement on ICU Overflow Patients” issued 
in 2000 is the result of this collaboration. It specifically 
requires that PACU staffing meet the nursing staffing ratios 
and competencies required in the critical care units.173

The Joint Position Statement reproduced here recom-
mends that the following criteria be met:

 •  It must be recognized that the primary responsibility 
for Phase 1 PACU is to provide the optimal standard 
of care to the postanesthesia patient and to effectively 
maintain the surgery schedule.

 •  Appropriate staffing requirements should be met 
to maintain safe, competent nursing care of the 
postanesthesia patient as well as the ICU patient. 
Staffing criteria for the ICU patient should be consistent 
with ICU guidelines and based on individual acuity 
and needs.

 •  Phase 1 PACUs are by their nature critical care 
units and as such should meet the competencies 
required for the care of the critically ill patient. These 
competencies should include, but are not limited to, 
ventilator management, hemodynamic monitoring, 
and medication administration, as appropriate to their 
patient population.
 •  Management should develop and implement a 
comprehensive resource utilization plan with ongoing 
assessment that supports the staffing needs for both the 
PACU and ICU patients when the need for overflow 
admission arises.

 •  Management should have a multidisciplinary plan to 
address appropriate utilization of ICU beds. Admission 
and discharge criteria should be utilized to evaluate the 
necessity for critical care and to determine the priority 
of admission.

  

In addition to increasing the acuity of patient care 
in the PACU, the shortage of ICU beds has encouraged 
the de-escalation of care in selected patient populations. 
Patients who were historically admitted directly to the 
ICU after surgery for intensive or specialized monitoring 
have had successful recovery by routine postoperative 
care in the PACU. Examples include postoperative crani-
otomy,174 liver transplantation,175,176 and cardiac surgery. 
The neurosurgical group at the University of Florida has 
shown that patients with uncomplicated craniotomy can 
be safely cared for in the PACU at a significant savings 
of hospital days and cost without increased morbidity 
or mortality.163 Likewise, the trend to early extubation 
of patients after liver transplantation in the surgical unit 
has led to the successful uncomplicated recovery of these 
patients in the PACU. Finally, in an effort to protect ICU 
bed availability and to reduce the number of cardiac sur-
gery cancellations, a group in Melbourne established a 
cardiac surgery recovery unit within the PACU.177 Each 
of these examples requires adequate space and specialized 
nursing skills to be successful.

OUTPATIENT PROCEDURES

Finally, the PACU has responded to the economic restric-
tions that currently limit hospital resources by accommo-
dating the performance of simple outpatient procedures 
(see Chapter 89).178 The PACU is uniquely equipped to 
care for patients who are undergoing noninvasive and 
minimally invasive procedures such as electroconvulsive 
therapy,179,180 cardioversion,181 epidural blood patch,178 
and liver biopsy.178 Ambulatory patients undergoing such 
procedures can be directly admitted to the PACU for the 
procedure and discharged to home after a brief recovery 
period. To do so, the PACU must be appropriately staffed 
and scheduled so as to not interfere with routine surgery 
scheduling and postoperative recovery. Electroconvulsive 
therapy is somewhat unique in that it requires general 
anesthesia that is delivered by an anesthesia care practi-
tioner. Typically, these are short procedures that can be 
scheduled before the routine surgical unit cases. One suc-
cessful electroconvulsive therapy program schedules the 
procedure at 5:30 am with nurse-to-patient ratio of 2:1 
and an estimated PACU length of stay of 2 hours.180

SUMMARY

The PACU is more than a postanesthesia observation unit. 
It is unique in its ability to support the care of patients of 
all ages and in every stage of illness. Since its inception 



more than 50 years ago, the PACU has proved to be an 
exceptionally adaptable unit that is equipped to meet the 
demands of an evolving health care system.
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Postoperative Nausea and Vomiting
CHRISTIAN C. APFEL

K e y  P o i n t s

 •  Postoperative nausea and vomiting (PONV) may be triggered by various 
pathways through peripheral and/or centrally located receptors; however, the 
exact etiology is unknown.

 •  Numerous patient-, anesthesia-, and surgery-related risk factors are associated with 
a high incidence of PONV, but this association may not be causal. For example, 
the high incidence of PONV after gynecologic surgery is likely observed because 
the surgical procedures are conducted in women, who are more susceptible to 
PONV, and not because of the surgical procedures themselves.

 •  Instead of assessing a wide range of associated risk factors, a patient’s risk for 
PONV is best predicted by a simplified risk score using independent predictors 
(statistically corrected for confounders).

 •  In adult inpatients undergoing general inhaled anesthesia, Apfel’s simplified risk 
score for PONV includes female gender, nonsmoking status, history of PONV or 
motion sickness, and the use of postoperative intravenous opioids as the main 
independent predictors. When 0, 1, 2, 3, or 4 of these factors are present, the risk 
for PONV is approximately 10%, 20%, 40%, 60%, or 80%, respectively.

 •  In adult outpatients undergoing general anesthesia, a simplified risk score for 
postdischarge nausea and vomiting (PDNV) includes female gender, age less than 
50 years, history of PONV, opioid use in the postanesthesia care unit (PACU), and 
nausea in the PACU. When 0, 1, 2, 3, 4, or 5 of these factors are present, the risk 
for PDNV is approximately 10%, 20%, 30%, 50%, and 90%, respectively.

 •  In children, a similar simplified risk score exists for postoperative vomiting (POV) 
with duration of surgery greater than or equal to 30 minutes, age older than or 
equal to 3 years, strabismus surgery, and a positive history of POV or POV/PONV 
in relatives as the main predictors.

 •  Because the main triggers for PONV appear to be inhaled anesthetics and 
opioids, strategies to avoid or reduce exposure (e.g., regional anesthesia or total 
intravenous anesthesia) are effective means to reduce the risk for PONV.

 •  A PONV prophylaxis strategy should be tailored to a patient’s baseline risk, 
which can be determined using a simplified risk score. Patients at greatest risk 
experience the greatest absolute risk reduction from interventions (absolute risk 
reduction = baseline risk × relative risk [RR] reduction).

 •  Effective antiemetics to reduce PONV are cyclizine, dimenhydrinate, droperidol, 
dexamethasone, metoclopramide, ondansetron, dolasetron, tropisetron, and 
granisetron. The RRs of these antiemetics versus placebo for nausea and for 
vomiting vary between approximately 0.60 and 0.80.

 •  Neurokinin (NK1) antagonists are similarly effective against nausea compared with 
other antiemetics but are considerably more effective against POV.

 •  Although the minimally effective dose for prophylaxis with ondansetron is 4 mg, 
the minimally effective dose for rescue treatment with ondansetron is only 1 mg. 
Based on this observation, many experts assume that the minimally effective dose 
for rescue treatment is only one quarter of the dose needed for prophylaxis.

 •  Patients who suffer from PONV in spite of intraoperative prophylaxis with 
ondansetron do not respond to rescue treatment with a second dose of 
ondansetron or granisetron in the PACU. It is therefore concluded that rescue 
treatment targeting an already blocked receptor is ineffective, so an antiemetic 
strategy using a different mechanism should be used instead.
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Nausea and vomiting in the postoperative period occurs 
in 20% to 30% of patients,1 and together, nausea and 
vomiting are the second most common complaints 
reported (pain is the most common).2-8 After the land-
mark 1992 review by Watcha and White,9 postoperative 
nausea and vomiting (PONV) became the more commonly 
used clinical term. In 1999, PONV became a medical sub-
ject heading in the National Library of Medicine. The 
term PONV is used throughout this chapter to reflect its 
current widespread usage to describe the composite post-
operative symptoms of nausea and/or vomiting and/or 
retching. However, the description of these symptoms as 
“postoperative” should not be construed to suggest that 
surgery is their most important direct cause, even though 
this is a widely held belief. Several large prospective 
cohort studies now suggest that the varying incidences 
of PONV observed after different types of surgical proce-
dures are largely a reflection of important patient-specific 
and anesthesia-related risk factors, rather than the surgical 
procedure itself.4,5,8

PONV can be such an unpleasant experience that patients 
often rate it worse than postoperative pain.10 Patients’ 
“willingness to pay” out of pocket for effective antiemetic 
treatment of PONV, as measured by well-designed studies, 
is $56 in the United States11 and ⋹65 in Europe.12 Preven-
tion of PONV in high-risk patients significantly improves 
postoperative ratings of well-being and satisfaction.13 
Although the experience of PONV is generally self-limited, 
postoperative vomiting or retching (POV) can lead to rare 
but serious medical complications, such as aspiration of 
gastric contents, suture dehiscence, esophageal rupture, 
subcutaneous emphysema, or pneumothorax (the actual 
incidence related to PONV has not been quantified).14,15 
PONV may delay a patient’s discharge from postanesthesia 
care units (PACUs) and can be the leading cause of unex-
pected hospital admission after ambulatory anesthesia.16 
Annual PONV-related health care costs approach several 
hundred million dollars in the United States alone.17,18

The ongoing need to improve understanding, pre-
vention, and treatment of PONV is reflected in the 
literature: approximately 3000 randomized controlled 
trials of PONV have been published in peer-reviewed 
journals, and almost 300 new studies are published 
each year. This is in part because of the interest of the 
pharmaceutical industry in developing new and more 
effective treatments for this condition. The purpose 
of this chapter is to provide an up-to-date review of 
PONV by a deepened methodologic understanding that 
allows resolution of discrepancies between traditional 
beliefs and the best available evidence. This more cur-
rent understanding and knowledge will enable the 
reader to manage PONV more effectively in daily clini-
cal practice.

ETIOLOGY: PATHWAYS FOR NAUSEA  
AND VOMITING

Nausea and vomiting may be induced through various 
pathways (Fig. 97-1).19,20

TOXIC MATERIALS IN THE 
GASTROINTESTINAL LUMEN

Ingestion of toxic substances (e.g., hypertonic saline 
or copper sulfate) results in the release of serotonin 
(5-hydroxytryptamine [5-HT]) from enterochromaffin 
cells in the gut wall.21 These enterochromaffin cells hold 
more than 90% of the body’s serotonin and appear to 
release it under various chemical and mechanical stim-
uli. Serotonin may also be released indirectly through 
M3-muscarinic receptors, β-adrenoceptors, and his-
tamine (H3) receptors; conversely, the stimulation of  
γ-aminobutyric acid (GABAB) receptors, 5-HT4 receptors, 
and α2-adrenoceptors and the presence of vasoactive 
intestinal polypeptide and somatostatin have been pro-
posed to reduce the release of serotonin.19 Serotonin 
is secreted in close proximity to afferent vagal nerve 
endings of the gut wall that travel to the dorsal brain-
stem through the nucleus tractus solitarius, as demon-
strated in animal models in which vagotomy blocks 
cisplatin-induced emesis.22 However, large amounts of 
Figure 97-1. Pathways for nausea and 
vomiting. Dotted lines are hypothetic path-
ways with only indirect evidence. NaCl, 
Sodium chloride. (Created by Christian 
Apfel, MD, PhD.)
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serotonin released by neuroendocrine carcinoid tumors 
lead to flushing, diarrhea, wheezing, and abdomi-
nal cramps but typically not to nausea and vomiting. 
This finding suggests that serotonergic emetogenic 
stimuli are primarily mediated through the autonomic 
nervous system rather than the bloodstream. There-
fore, even though renal secretion of 5-hydroxyacetic  
acid (a metabolite of serotonin, with a much longer half-
life) is associated with PONV after abdominal surgical 
procedures,23 a causal relationship with PONV remains 
unclear.

ABSORBED TOXINS AND DRUGS

Absorbed toxins or drugs circulating in the blood can cause 
nausea and vomiting by stimulation of the chemorecep-
tor trigger zone (CRTZ).24 The CRTZ is located in the area 
postrema, a circumventricular organ at the bottom of the 
fourth ventricle. Even though the CRTZ resides anatomi-
cally in the central nervous system, its uniquely perme-
able endothelium (i.e., lack of a blood-brain barrier) allows 
it to detect emetogenic substances in the bloodstream as 
if it were a peripheral organ.25 Based on a series of arti-
cles, Borison and Wang were able to demonstrate in the 
early 1950s that the CRTZ has an abundance of receptors 
and that its stimulation can send emetogenic triggers to 
the brainstem’s vomiting center to activate the vomiting 
reflex (Fig. 97-2).26-30 Although this mechanism explains 
how apomorphine (a fairly selective dopamine [D2] ago-
nist) provokes emesis and why droperidol (a D2 antago-
nist) reverses apomorphine’s emetogenic effect, it remains 
unclear how the CRTZ senses or transduces emetic stimuli 
and why nausea and vomiting are not typical side effects 
of dopamine infusions. Again, the reasons that certain 
receptor agonists circulating in the blood fail to trigger 
nausea and vomiting while corresponding receptor antag-
onists prevent or reduce nausea and vomiting are unclear.

STIMULATION OF THE VESTIBULAR SYSTEM

The vestibular system is another source of emetogenic 
stimuli, as observed in motion sickness or Ménière’s dis-
ease.31-33 Motion sickness is a risk factor for PONV.2-8 
Whether vestibular input contributes to the emetogenic 
state in the vomiting center or whether anesthetics or 
opioid analgesics contribute to the susceptibility of the 
vestibular organ or signal processing is not clear.

RISK FACTORS AND INDEPENDENT 
PREDICTORS

DISTINGUISHING ASSOCIATION  
FROM CAUSALITY

The recognition of risk factors plays a critical role in 
making diagnostic and therapeutic decisions in medi-
cine. The term risk factor was likely first coined in the 
Framingham study, in which the risk of heart disease 
was associated with specific conditions such as hyper-
tension, high cholesterol, and smoking. To know 
which of the risk factors is most likely causal or merely 
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correlational can be critical for the development of valid 
risk assessment tools to be used for clinical decisions. 
For example, women are more susceptible than men 
to certain emetogenic stimuli (motion, chemotherapy, 
inhaled anesthetics, and opioids).34,35 If the average 
incidence of PONV is considered to be approximately 
30% overall and female patients are approximately 
three times more likely to develop PONV,3,5 the aver-
age incidence in male and female patients should be 
in the range of 15% and 45% (assuming that the same 
numbers of men and women are anesthetized).36 It is 
therefore not surprising that approximately one in two 
women undergoing gynecologic surgical procedures 
suffers from PONV. From this perspective, the type of 
surgery can be considered a risk factor for PONV. How-
ever, establishing a policy for the routine use of anti-
emetics for the prevention of PONV for women having 
gynecologic surgery, but not other surgical procedures, 
would not acknowledge that lengthy nongynecologic 
surgical procedures in women are associated with inci-
dences of PONV much higher than 50%,4,5 whereas 
short gynecologic procedures such as dilatation and 
curettage may be associated with PONV incidences as 
low as 7%.37 Therefore, the current categories of surgi-
cal procedures are generally too broadly defined to be 
reliable predictors of PONV.38

It is more useful to consider PONV as multifactorial in 
its origin, that is, as a consequence of emetogenic agents 
(inhaled anesthetics, opioids) applied to susceptible 
patients (female patients, those with a history of motion 
sickness, nonsmokers). These factors have been shown 
not only to be associated with an increased incidence of 
PONV but also to be important independent predictors 
of PONV. A better prediction can be obtained by focus-
ing on these well-established independent predictors that 
appear to cause PONV.38 Therefore, the following text 
distinguishes between factors that are merely associated 
with increased risk (risk factors or associated risk factors) 
and factors that appear to be causally related to PONV 
(independent risk factors or independent predictors). 
Table 97-1 lists the relative importance (presented as odds 
ratios) of independent predictors as determined in large 
cohort studies.

FACTORS THAT MAY NOT BE RELEVANT

Many reviews or book chapters list large numbers of 
PONV risk factors, irrespective of the evidence or the 
magnitude of effect. This approach has contributed to 
a divergence between commonly held clinical beliefs 
about PONV risk factors and the published evidence. For 
example, Eberhart and colleagues reported that more 
than 80% of German anesthesiologists considered obe-
sity to be a risk factor for PONV.39 However, Kranke and 
co-workers found that an increased body mass index was 
not associated with an increased incidence of PONV.40 
Similar discrepancies exist for the influence of face-
mask ventilation,41,42 use of a nasogastric or orogastric 
tube,43-46 intravenous use of neostigmine to reverse neu-
romuscular blockade,47,48 phase of menstrual cycle,49 
and even weather or phase of the moon.50,51 Thus, the 
following discussion of risk factors for PONV focuses on 
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Figure 97-2. Different types of schematic rep-
resentation of the organization of the emetic 
reflex from the original Wang and Borison 
(A) 1952 model and Lang and Marvig (B) in 
1989; Borison and McCarthy (C) in 1981; and 
Andrews, Rapeport, and Sanger (D) in 1988. 
Note that all the models contain essentially 
the same key elements. CCK-OP, Cholecystoki-
nin octapeptide; CNS, central nervous system; 
CSF, cerebrospinal fluid; CTZ, chemoreceptor 
trigger zone; ECA, electrical control activity; 
ENS, enteric nervous system; GI, gastrointes-
tinal; 5-HT, 5-hydroxytryptamine; IV cytotoxic 
agents, intravenous cytotoxic agents; IV vent, 
fourth ventricle; NTS, nucleus tractus solitar-
ius; RGC, retrograde giant contraction; PCRF, 
parvicellular reticular formation; SP, substance 
P; VC, vomiting center.
the factors that are well supported in the literature. Of 
course, other unknown or insufficiently studied PONV 
risk factors may have yet to be found. For example, it 
may be possible that rapid patient transport from the 
operating room to the PACU, especially involving fast 
turns or decelerations, can trigger nausea and vomiting. 
However, this factor has never been formally studied, 
and therefore its importance cannot be determined. 
Accordingly, the following discussion focuses on the 
best available evidence.
PATIENT-RELATED INDEPENDENT 
PREDICTORS

Female Gender
Female gender is the strongest patient-specific predictor of 
PONV, with an odds ratio of approximately 2.652 (see Table 
97-1), independent of anesthetic technique. Women can 
also suffer from hyperemesis gravidarum,53 and they have 
a lower threshold for motion sickness than men.54 The 
reason for increased female susceptibility to nausea and 
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TABLE 97-1 THE ODDS RATIOS ASSOCIATED WITH PATIENT-, ANESTHESIA-, AND SURGERY-RELATED RISK  
FACTORS FOR POSTOPERATIVE NAUSEA AND VOMITING* 

Study (First 
Author and 
Year)

Cohen, 
1994

Koivuranta, 
1997

Apfel, 
1998

Apfel, 
1998 Apfel, 1999

Sinclair, 
1999

Eberhart, 
2000

Junger, 
2001

Visser, 
2001

Apfel, 
2002 Apfel, 2002

Pierre,  
2002

End Point N N V V V
NV 
(FIN)

NV 
(GER) NV NV NV NV NV NV V NV

Risk Factor

Patient-Related Factors
Female gender 2.6 2.4 2.7 3.6 1.7 2.3 3.6 2.8 2.8 2.5 — 2.9 1.7 2.4 2.4
History of  

PONV or MS
— 2.3 1.9 1.9 4.3 2.0 1.9 3.1 2.3 — — 1.8 1.9 2.4 4.5

History of MS — 1.7 1.9 — — — — — 2.1 — — 1.7 — — —
History of 

migraine
— 1.6 1 — — — — — — — — — — — —

Nonsmoking 
status

1.8 2.1 1.7 2.1 1 2.3 2.0 1.5 1.8 1.9 — 1.8 1.6 1.9 1.6

Age (per 
decade)

0.9 1 1.2 0.8 0.9 1 0.7 0.9 1 1.0 — 1.0 — — 0.8

BMI 1.0 1.6 1.4 1 1 — — 1 — 1 — 0.8 — — —
ASA 1.5 1.2 1.7 — — — — 1 — 1 — — — — —

Anesthesia-Related Factors
Duration (per 

hour)
1.5 2.0 2.1 1.3 1 1 1.8 2.5 1.8 1.4 — 1.4 1.9 1.9 1.0

Volatile anes-
thetics

1.5 1.7 1 — — — — 10.1 — 2.5 2.1 — 1 1 —

Nitrous oxide — — — — — — — — — 2.2 — — — — —
Opioids: intra-

operative
1.3 — — 1 1 — — — — 4.2 — 1.9 1 1 —

Opioids: post-
operative

— 1.7 1 — 1 2.5 1 — 1.2 1 — 1.3 2.3 2.5 4.8

Surgery-Related Factors
Ear, nose, and 

throat
1.7 1 1 1 — 1 1 4.4 — 1 — 1 1.4 1 0.5

Gynecologic 1.3 1 1 — — — — 3.3 — 1 — 1.1 — — 0.4
Ophthalmologic 1.8 1 1 — 0.7 1 1 5.9 — 1 — 1.4 3.7 1 —
Cholecystec-

tomy
— — — — — — — — — — — 2.9 — — —

Thyroid — — — — 2.7 — — — — — — — — — 0.5
Abdominal 0.9 1 1 — 0.9 1 1 — — 1 — 1.2 — — —
Laparoscopic 2.3 1 1 — 0.4 1 1 — — — — 2.1 — — —
Orthopedic — 1 1 — 0.9 1 1 3.4 — — — 1.1 — — —
Urologic — — — — — — — — — 1 — — — — —
Breast — — — — 2.2 — — — — — — — — — 0.4
Neurologic — — — — — — — — — 1 — — — — —
Plastic — — — — — — — 6.7 — — — — — 0.4
Head and neck — — — — — — — — — 1 — — — — —

Modified from Apfel CC, Heidrich FM, Jukar-Rao S, et al: Evidence-based analysis of risk factors for postoperative nausea and vomiting, Br J Anaesth 109:742-753,  
2012.

ASA, American Society of Anesthesiologists; BMI, body mass index; FIN, Finnish dataset; GER, German dataset; MS, motion sickness; N, nausea; PDNV,  
postdischarge nausea and vomiting; PONV, postoperative nausea and vomiting; V, vomiting.

*Variables that were assessed in the study’s multivariate regression model but failed to show statistical significance are displayed in the table as “1,” and  
variables not considered or reported in the study are displayed as “—.” Significant results are bold; non-significant results are italicized.
vomiting is unclear, but this susceptibility persists well after 
menopause and for most of the rest of a woman’s life.55

Not Smoking
Individuals often experience nausea and diarrhea when 
smoking their first cigarette.56 This is likely an acute 
effect of nicotine because nausea is a known side effect 
of nicotine patches.57 Although one could predict that 
smokers would have a higher risk of PONV than non-
smokers,39 Cohen and associates found that nonsmokers 
were 1.8 times more likely than smokers to have PONV.3 
This finding was subsequently confirmed in a meta-
analysis of large studies of risk factors for PONV.52 The 
mechanism by which a smoking habit reduces the risk 
of PONV is not entirely clear, but one may speculate that 
long-term smokers are desensitized to nausea. Nicotine 
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stimulates indirect GABA-mediated cerebral dopamine 
release,58 and nicotine withdrawal in the perioperative 
period may lead to low postoperative cerebral dopamine 
levels, thus reducing activation of dopaminergic circuits 
in the CRTZ known to be associated with nausea and 
vomiting (my conjecture). However, nonsmoking is not a 
risk factor for nausea and vomiting in the postdischarge 
period,59 perhaps because the protective effect of reduced 
opaminergic stimulation disappears once discharged 
atients resume smoking.

istory of Postoperative Nausea and 
omiting, Motion Sickness, or Migraine
usceptibility to emetogenic stimuli varies among indi-
iduals according to history of PONV,2,4,6,8,37,60-62 history 
f motion sickness,2,4,6,61,62 and history of migraine.4,8 
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Although one would intuitively expect that a history of 
PONV is the strongest predictor of subsequent PONV, this 
is not the case. In fact, in the majority of studies, female 
gender is a stronger predictor than a history of PONV.

This finding is illustrated by a study of 1566 patients 
(Fig. 97-3).38 Approximately one third of these patients 
(569) presented with a history of PONV, of whom every 
second patient (280) experienced PONV. Two thirds of 
patients (997) did not have a history of PONV, of whom 
one third (320) experienced PONV. Clearly, patients with 
a history of PONV were at higher risk for experiencing 
PONV. However, of the total 600 patients who developed 
PONV, fewer than half (280 of 600) would have been cor-
rectly identified if the history of PONV had been used as 
a single predictor. Indeed, the use of PONV history as a 
single predictor has been associated with a sensitivity of 
less than 50% to identify patients at risk for PONV. In 
other words, fewer than half the patients who develop 
PONV were correctly identified in advance (less than one 
would expect from a random guess).38

Age
In adults, although the incidence of PONV decreases with age 
with an odds ratio of 0.88 per decade,52 age has not always 
been a strong risk factor.3,37,55,60,62-66 In children, however, 
Eberhart and co-workers have shown that an age of 3 years 
or older is associated with an increased risk for PONV.67

Anxiety
Anxiety may influence PONV, although this finding was 
not supported in a study with a small cohort of children.68 
However, in secondary analyses of a considerably larger 
randomized controlled trial in adults,7 anxiety was assessed 
using two standardized psychometric instruments, and 
a statistically significant but fairly weak association was 
demonstrated.66 Although anxiety increases PONV, a pre-
operative assessment of anxiety is unlikely to result in a 
significant improvement in prediction for PONV.
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Figure 97-3. Limited sensitivity of a single predictor to identify 
patients at risk for postoperative nausea and vomiting (PONV), with 
history of PONV as an example. (From Apfel CC, Kranke P, Eberhart LH: 
Comparison of surgical site and patient’s history with a simplified risk 
score for the prediction of postoperative nausea and vomiting, Anaesthe-
sia 59:1078-1082, 2004.)
ANESTHESIA-RELATED INDEPENDENT 
PREDICTORS

Preoperative Opioids
Few studies have compared different opioids given in con-
junction with premedication. Eger and colleagues found 
no difference between morphine and meperidine.69 In 
the same study, the GABAA-enhancing drug pentobarbi-
tal was associated with a less frequent incidence of PONV 
compared with placebo.

Intraoperative Opioids
No large prospective cohort study has demonstrated 
that the type or dose of intraoperative opioid influences 
PONV in adults. In children, the liberal intraoperative use 
of morphine (analgesic median effective dose [ED50], 0.18 
mg/kg) is associated with a frequent incidence of POV in 
children undergoing tonsillectomies (see Chapter 93).70

Whether the type of intraoperative opioid used is a 
relevant consideration remains controversial. One article 
suggested that alfentanil is associated with less PONV 
compared with fentanyl or sufentanil.71 Another group 
hypothesized that the ultrashort half-life of remifentanil 
would result in less carryover effect in the postoperative 
period and thereby decrease PONV. However, no sig-
nificant difference in the overall incidence of PONV was 
noted when remifentanil was compared with fentanyl, 
probably because the study design included predomi-
nantly larger operations requiring significant amounts of 
opioids for postoperative pain relief, thus masking any 
potential benefit.48 Finally, morphine-6-glucuronide, an 
active metabolite of morphine, has been reported to be 
associated with less PONV compared with morphine,72 
although this difference was not statistically significant 
in another study.73 In conclusion, regardless of whether 
opioids are used intraoperatively or postoperatively, 
the available evidence suggests that the dose of opioid, 
rather than the type, is one of the main predictors (and/
or causes) of PONV.

Postoperative Opioids
Most large studies using multivariable analyses demon-
strate that use of postoperative opioids doubles the risk 
of PONV.* The dose of postoperative opioid appears to 
be important,76 but not the type (e.g., morphine versus 
piritramide).77 As a consequence, opioid-sparing strate-
gies should reduce the incidence of PONV. Indeed, PONV 
tends to be decreased when intravenous acetaminophen 
or cyclooxygenase-2–selective nonsteroidal antiinflamma-
tory drugs (NSAIDs)78 reduce opioid use by 30% to 50%. 
In addition, the peripheral opioid antagonist alvimopan 
appears to reduce nausea severity in the late postoperative 
period without affecting the central analgesic effects of 
opioids.79 Alvimopan appears to work by mitigating post-
operative ileus and opioid-induced bowel dysfunction.80-83

Propofol and Inhaled Anesthetics
Propofol is widely believed to have antiemetic properties. 
By using propofol in patient-controlled analgesia (PCA) 
pumps in the PACU as “patient-controlled antiemesis,” 

* References 2, 4, 5, 38, 60, 74, and 75.
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Figure 97-4. Kaplan-Meier chart for postopera-
tive vomiting after isoflurane, enflurane, sevoflu-
rane, and propofol. (From Apfel CC, Kranke P, Katz 
MH, et al: Volatile anaesthetics may be the main 
cause of early but not delayed postoperative vomit-
ing: a randomized controlled trial of factorial design, 
Br J Anaesth 88:659-668, 2002.)
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Gan and associates found that “nonsedating” plasma 
concentrations of 343 ng/mL reduced nausea in 50% of 
cases.84,85 However, using a similar design, Scuderi and 
colleagues were unable to demonstrate any antiemetic 
effect of propofol.86 In another study, healthy volunteers 
were randomized to propofol, midazolam, or placebo and 
were then exposed to an infusion of apomorphine.87 At 
nonsedative doses, neither propofol nor midazolam pro-
vided protection. However, at sedative doses, both pro-
pofol and midazolam increased the threshold for nausea. 
As a result, the antiemetic activity of propofol-induced 
sedation is not clear.

Compared with a purely regional anesthetic tech-
nique, general anesthesia is associated with a signifi-
cantly higher incidence of PONV.37 This finding raises 
the question of the individual contribution of the drugs 
used for the general anesthetic regimen, namely opi-
oids, inhaled anesthetics, and nitrous oxide. Although 
previous meta-analyses demonstrated a lower incidence 
of nausea and vomiting with propofol compared with 
inhaled anesthetics,88,89 in volunteer studies 8-hour anes-
thesia with sevoflurane was associated with nausea and 
vomiting in more than 80%, a finding strongly suggest-
ing the emetogenicity of volatile anesthetics.90 In addi-
tion, a large clinical study demonstrated the following: 
(1) the difference in vomiting between inhaled anesthet-
ics and propofol occurs predominantly in the first 2 to  
6 hours postoperatively (Fig. 97-4); and, more impor-
tantly, (2) the difference in early vomiting is clearly dose 
related (Fig. 97-5), so the difference is not related to pro-
pofol but rather to the dose-dependent emetogenic effect 
of the volatile anesthetics.75 No differences in PONV have 
been observed among the volatile anesthetics isoflurane, 
enflurane, and sevoflurane. This finding is consistent 
with a meta-analysis by Gupta and co-workers (compar-
ing propofol, isoflurane, sevoflurane, and desflurane),91 
a meta-analysis by Macario and associates (comparing 
sevoflurane with desflurane),92 and a study by Wallen-
born and colleagues (comparing isoflurane, sevoflurane, 
and desflurane).93
Nitrous Oxide
Numerous studies in the 1980s and meta-analyses in 
the 1990s emphasized the emetogenic effect of nitrous 
oxide.94,95 However, the emetogenic effect of nitrous 
oxide may not be quite as strong as that associated with 
volatile anesthetics.74 Moreover, the emetogenic effects 
of nitrous oxide and volatile anesthetics are independent 
(i.e., they are additive).74 What is probably more notable 
than the emetogenic effect of nitrous oxide is the land-
mark trial comparing a nitrous oxide group (70% N2O, 
30% O2) with an oxygen-enriched air group (80% O2, 
20% N2) that found not only more PONV but also sig-
nificantly more severe adverse events (pulmonary com-
plications, wound infections, and fever) in the nitrous 
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Figure 97-5. Incidence of early vomiting (0 to 2 hours) after main-
tenance with volatile anesthetics or propofol. CI, Confidence interval. 
(From Apfel CC, Kranke P, Katz MH, et al: Volatile anaesthetics may be the 
main cause of early but not delayed postoperative vomiting: a random-
ized controlled trial of factorial design, Br J Anaesth 88:659-668, 2002.)
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oxide group.96 A second large multicenter 5-year study 
comparing a nitrous oxide group (70% N2O, 30% O2) and 
a nitrous oxide–free group (70% N2, 30% O2) may provide 
further evidence regarding nitrous oxide and its associa-
tion with more severe medical complications.97

Duration of Anesthesia
The effect of duration of anesthesia on PONV has been 
described in several studies.4,37,61,74,75,93 The magnitude 
of this time-dependent dose response varies widely, as 
reflected in odds ratio per hour ranging from 1.1574 to 
2.53.37 As referenced earlier, the effect size may be large 
when inhaled anesthetics are used and small when 
propofol is used (see Fig. 97-5), and it depends on the 
amount of opioids used.74 In any event, it is generally 
correct to assume that longer and more invasive surgical 
procedures are associated with more PONV. In fact, in a 
cross-validation that developed a simplified risk score, a 
co-linearity was seen between the duration of anesthesia 
and the postoperative intravenous use of opioids. Because 
intravenous opioid use was the slightly stronger predic-
tor, that variable remained an independent predictor, as 
opposed to duration of anesthesia.5

SURGERY-RELATED INDEPENDENT 
PREDICTORS

Many surgical procedures are associated with a high inci-
dence of PONV.9 This finding has led to many hypoth-
esized causal mechanisms for various types of surgical 
procedures—tympanoplasty and vestibular stimulation, 
adenotonsillectomy and swallowed blood, breast surgery 
and emotional load, laparoscopic surgery and peritoneal 
irritation, abdominal surgery and serotonin release, and 
hysterectomy and vagal stimulation98-100—all resulting 
in a tendency to specify the type of surgery narrowly in 
antiemetic trials. Without question, patients undergoing 
major abdominal and gynecologic surgical procedures 
have an increased risk of PONV, with incidences of at 
least 50%. However, in many instances, these incidences 
may reflect other underlying factors, such as prolonged 
exposure to emetogenic volatile anesthetics and/or large 
doses of intraoperative opioids. In fact, if volunteers are 
exposed to volatile anesthetics (without any surgical 
intervention) for an extended period of time, almost all 
experience nausea or vomiting afterward.90 Therefore, 
risk assessment should be based on the underlying inde-
pendent predictors, rather than the type of surgical proce-
dure. In addition, several studies support the notion that 
the type of surgery is not an independent predictor of 
postoperative nausea,4 vomiting,4,8,63 PONV,5,60 or need 
for rescue treatment (see Table 97-1).65 However, other 
studies have identified several types of surgical proce-
dures as independent predictors of postoperative nau-
sea,3,8 vomiting,64 or PONV.37,61,66,74 Nevertheless, most 
types of surgery have not consistently been shown to be 
independent predictors of PONV in the majority of stud-
ies; possible exceptions to this rule are laparoscopic cho-
lecystectomy and gynecologic procedures.3,59,74 Although 
strabismus surgery is not a risk factor in adults,101 it is a 
well-established and clinically relevant independent pre-
dictor of POV in children.67,102
One could argue that it would be enough to know
which types of surgical procedures are risk factors
whether or not they are independent predictors o
PONV, to decide on the need for prophylactic anti
emetics. The incidence of PONV in many so-called
emetogenic procedures (laparoscopy, adult strabismus
surgery, middle ear surgery, herniorrhaphy, tonsillec
tomy, adenoidectomy, and uvulopalatopharyngoplasty
is not much higher than for other types of surgery. In
fact, when Scuderi and colleagues stratified patients
according to “emetogenic procedures,” the incidence o
PONV in the PACU was 37% (80 of 215) compared with
31% (112 of 360) for all other surgical procedures, an
incidence that was not significantly different.103 These
findings are also consistent with a study in which the
PONV incidence over 24 hours was 42% (283 of 681
for “emetogenic procedures” and 36% (317 of 885) fo
other procedures.38 In conclusion, although certain
types of surgical procedures are associated with a more
frequent incidence of PONV, causality has not been
clearly established. With the exception of strabismus
surgery in children, the incidence of PONV with mos
surgical procedures likely reflects underlying patient
and anesthesia-related factors.

RISK ASSESSMENT

PONV is multifactorial. Therefore, a patient’s risk can be
better estimated by accounting for several independen
predictors simultaneously.

Palazzo and Evans in the United Kingdom were the
first to apply multiple logistic regression analysis to
148 patients undergoing minor orthopedic procedures
thus developing a predictive model for “postoperative
sickness.”2 One year later, logistic regression analysis
was applied to data from a Canadian 4-center survey o
16,000 inpatients.3 Binary logistic regression analysis is a
multivariable statistical method that quantifies the rela
tive impact of independent predictors (e.g., female gender
nonsmoking) on a dichotomous outcome (here PONV
by determining their coefficients according to

 P = 1/
(
1 + e ‐ z)

 

with z = α • x1 + β • x2 + γ • x3 + … + ω, and α, β, γ, and so
forth, being the coefficients for the factors x1, x2, x3, etc
These coefficients are directly related to the odds ratio
of a predictor through the formula odds ratio(a) = ea, a
measure that is similar to the relative risk or risk ratio
discussed later.

This is important to realize when comparing articles
that report coefficients with those that report odds ratios.8

Table 97-1 displays the odds ratios that quantify the
impact of variables as independent predictors, not merely
risk factors, for PONV.

Subsequently, two groups independently conducted
large surveys and applied logistic regression analyses
to develop more generalizable predictive models.4,63,64

Koivuranta and colleagues were the first to publish pre
dictive models for PONV based on logistic regression
analyses, and they developed a simplified model by
selecting the five strongest predictors: female gender
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Figure 97-6. Correlation between average predicted and actual 
incidence of postoperative vomiting in 10 percentile groups. CI, 
Confidence interval. (From Apfel CC, Greim CA, Haubitz I, et al: The 
discriminating power of a risk score for postoperative vomiting in adults 
undergoing various types of surgery, Acta Anaesthesiol Scand 42: 
502-509, 1998.)

previous PONV, duration of operation longer than 60 
minutes, history of motion sickness, and nonsmoking.4 
When 0, 1, 2, 3, 4, or 5 of these independent predictors 
were present, the risk for PONV was 17%, 18%, 42%, 
54%, 74%, and 87%, respectively. Later, a published pre-
dictive model for POV in patients undergoing surgical 
procedures of the ear, nose, and throat (ENT) showed a 
tight correlation between predicted and observed inci-
dence in a validation cohort (Fig. 97-6).63 Because the 
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later model was developed in patients undergoing ENT 
surgical procedures, its applicability to other types of 
surgical procedures was unclear. In a subsequent study 
that included a wide range of surgical procedures, the 
type of surgery turned out to be an independent predic-
tor (at the expense of duration of anesthesia), but the 
discriminating power as described by the area under 
the receiver operating characteristic (ROC) curve was at 
least as good using the prior risk score (independent of 
surgery type). Notably, the area under the ROC curve 
(ROC-AUC) was 0.77 (Fig. 97-7), meaning that on aver-
age the prediction was correct in approximately three 
of four cases.64 The two groups then performed a cross-
validation and found that risk scores derived from one 
center were able to predict PONV from the other center 
(ROC-AUC = 0.65 to 0.75) and that simplification of the 
score did not weaken the discriminating power (ROC-
AUC = 0.63 to 0.73).5 The final score consisted of four 
predictors: female gender, history of motion sickness or 
PONV, nonsmoking status, and the use of postopera-
tive opioids; if 0, 1, 2, 3, or 4 of these risk factors were 
present, the incidences of PONV were 10%, 21%, 39%, 
61%, and 79%, respectively (Fig. 97-8).5 In countries 
where opioids are used liberally in the postoperative 
period, Koivuranta’s PONV score shows slightly supe-
rior predictive characteristics,62 although Apfel’s PONV 
score may be preferable for its simplicity.

Whereas this score was developed for the prediction 
of PONV over 24 hours in inpatients, Chung’s group 
developed a fairly complex predictive model for PONV 
in outpatients, also known as postdischarge nausea 
and/or vomiting (PDNV).37 That score included type 
of surgery as a predictor, but it appeared to be inferior 
to the simplified risk scores.60,61 However, this result 
may have occurred, in part, because the validations 
were performed in inpatients. A more recent valida-
tion from the Kalkman group in the Netherlands found 
that the predictive characteristics of the simplified risk 
scores were rather limited, with ROC-AUCs of only 0.63 
to 0.66.62 In this patient population, however, use of 
postoperative opioids—invariably shown to affect the 
risk for PONV in previous studies and a key indepen-
dent predictor in the simplified risk models—was not 
associated with an increased incidence of PONV, a fea-
ture likely accounting for the limited predictive power. 
Therefore, a large multicenter study in more than 2000 
patients was conducted to develop a predictive risk 
score for PDNV in ambulatory patients in the United 
States, where opioids are commonly used in postop-
erative and postdischarge settings.59 The incidence of 
overall PDNV was 37% (Fig. 97-9), and logistic regres-
sion analyses identified 5 independent predictors of 
PDNV, namely female gender, age less than 50 years, 
history of PONV, opioid use in the PACU, and nausea 
in the PACU.59 Simplification of a risk score based on 
these 5 risk factors led to an ROC-AUC of 0.72, and the 
incidence of PDNV associated with 0, 1, 2, 3, 4, and 5 
factors was 7%, 20%, 28%, 53%, and 89%, respectively 
(Fig. 97-10).59

These models have been developed for prediction in 
adults and are not applicable to pediatric patients.104 
However, the risk of POV can be predicted with the 
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Figure 97-9. Incidence of postdischarge 
nausea and vomiting in the postanesthe-
sia care unit (A) and after discharge (B) 
in a study of more than 2000 ambulatory 
patients in the United States. (From Apfel 
CC, Philip BK, Cakmakkaya OS, et al: Who is 
at risk for postdischarge nausea and vomit-
ing after ambulatory surgery? Anesthesiol-
ogy 117:475-486, 2012.)
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Figure 97-8. The simplified risk score for 
adults. PONV, Postoperative nausea and vomit-
ing. (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.)
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simplified risk score in children developed by Eberhart 
and colleagues that takes the following four variables into 
consideration: duration of the surgical procedure greater 
than or equal to 30 minutes, age older than or equal to  
3 years, strabismus surgery, and a personal history of POV 
or PONV in immediate relatives (Fig. 97-11).67 The pres-
ence of 0, 1, 2, 3, and 4 risk factors was associated with a 
POV incidence of 9%, 10%, 30%, 55%, and 70%, respec-
tively (and an ROC-AUC of 0.72) (see also Chapter 93).67
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Figure 97-11. Simplified risk score for postoperative vomiting 
(POV) in children. (From Eberhart LH, Geldner G, Kranke P, et al: 
The development and validation of a risk score to predict the prob-
ability of postoperative vomiting in pediatric patients, Anesth Analg 
99:1630-1637, 2004.)
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vomiting are correlated, they can occur independently and 
should therefore be assessed and reported separately, so 
that results can be compared across publications. This is 
true for both inhaled and intravenous anesthesia in both 
inpatient and outpatient procedures (Fig. 97-12)7 Failure 
to realize this essential point has resulted in difficulties in 
assessing results for a significant portion of the available lit-
erature. Similar difficulties have arisen from the use of vari-
ous scales that are generally inadequate to properly assess 
PONV. For example, assessing PONV on a four-point sever-
ity scale ranging from “no symptoms, mild nausea, severe 
nausea or up to two vomits, or more than two vomits” fails to 
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reflect the underlying physiology and presentation of these 
symptoms and does not allow determination of the propor-
tion of patients experiencing nausea, vomiting, or both.105

Nausea (from the Greek nautia meaning “seasickness”) is 
often described as a “sensation of unease and discomfort in 
the stomach with an urge to vomit.” Nausea may manifest 
at different intensities, may last a variable period of time, 
and may wax and wane (change in intensity over time). 
The intensity of these symptoms is assessed in three ways.

The most widely accepted measurement technique 
for intensity uses a visual analog scale (VAS). The VAS 
consists of a 10-cm horizontal line with the left end cor-
responding to no nausea and the right end correspond-
ing to worst imaginable nausea. Patients are asked to 
choose a point on the line that represents the intensity 
of their current state. The VAS is considered the crite-
rion standard because its reliability and sensitivity have 
been well established in pain studies.106 Another com-
mon approach is the use of a written or verbal 11-point 
numeric rating scale (NRS), for which the patient is 
asked to rate the severity of his or her nausea between 
0 and 10, with 0 corresponding to no symptoms and 
10 corresponding to worst possible symptoms. The NRS 
approach has the advantage of ease of use and maintains 
a sensitivity similar to the VAS gold standard.107 The 
easiest approach appears to be a categorical verbal rating 
scale (VRS), in which patients describe their symptoms 
as none, mild, moderate, or severe. Unfortunately, even 
though Boogaerts and colleagues demonstrated a good 
correlation between the VRS and VAS for nausea,108 pain 
studies have found that the VRS is not as sensitive as the 
VAS.107 All told, the NRS approach may provide the best 
balance between sensitivity and ease of use.

Usually, the intensity of nausea varies over time, so 
repeated measurements would be needed for an overall 
severity assessment. Thus, nausea assessment may not be 
accurate if the intervals between assessments are consid-
erably longer than the duration of nausea episodes. As 
a rule of thumb, it may thus be advantageous to have 
patients estimate their average and/or most severe level of 
nausea, rather than limiting patients to rating the current 
nausea at the time of questioning. Therefore, assessments 
of nausea should be performed to cover a time interval 
rather than to assess a time point.

Vomiting, as a clinical symptom, is the forceful expul-
sion of gastric contents through the mouth or nose. 
Retching is similar to vomiting with the exception that no 
gastric content enters the pharynx (dry heaves). An emetic 
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Figure 97-13. A and B, Relative risks (risk ratios) or 
 relative risk ratios are independent of the patient’s base-
line risks. Both A and B represent the same data, yet 
 efficacy of a drug can be judged only from the risk ratio 
of the events (e.g., postoperative nausea and vomiting 
[PONV]), not from the risk ratio of the absence of events 
(e.g., no PONV).
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episode is often operationally defined as one or more 
instances of vomiting and/or retching separated by no 
more than 1 minute of respite. However, for the sake of 
simplicity and because vomiting is much more frequent 
than retching, many authors’ reports of vomiting include 
both vomiting and retching. In such instances, use of 
the term emetic episode is preferable. The measurement 
of vomiting and emetic episodes is simpler than that of 
nausea because the former involves a distinctive and rec-
ognizable muscular reflex. Severity is therefore best evalu-
ated by number of episodes, and recording the times of 
individual episodes allows secondary analysis with regard 
to the time course.

Because no universally accepted standard exists for mea-
suring and reporting nausea and vomiting, publications 
should at the minimum report separate incidences for nau-
sea and for vomiting, even if the primary outcome is a com-
bined measure such as the incidence of PONV. Whenever 
possible, the frequency and success of rescue treatment 
should be reported as well, to allow comparison of treat-
ment effects in subsequent meta-analyses.105 In addition, 
patients may experience a benefit as mild (instead of severe) 
nausea, and this is not reflected by the crude incidence, 
a dichotomous outcome. This may also be a reason that 
a joint severity score that considers the severity of nausea 
and vomiting may be a valuable adjunct to report and ana-
lyze with more statistical power than the binary variables.

Measures of efficacy and effectiveness. From an epide-
miologic perspective, efficacy refers to the impact of an 
intervention in a clinical trial, whereas effectiveness refers 
to the impact in real-world situations. For PONV trials, effi-
cacy of a prophylactic strategy is probably best described 
by the relative risk (a synonym would be the risk ratio 
[RR is used for either term interchangeably]) or the odds 
ratio that measures the drug-specific antiemetic poten-
tial. In contrast, the effectiveness of a prophylactic inter-
vention is probably best measured by the absolute risk  
difference (ARD; synonym: absolute risk reduction) or 
number-needed-to-treat (NNT) that describes the actual 
benefit of that intervention when given to patients of a 
population with a certain risk for PONV. To appreciate 
the meaning of the different measures of treatment effects 
described in the literature fully, it is essential to concep-
tualize the fundamental differences between measures of 
efficacy and effectiveness (i.e., RR and ARD). Understand-
ing this difference is key when comparing efficacy among 
antiemetic trials and when determining the effectiveness 
of interventions in specific clinical situations.

absolute risk difference and nuMber-needed-to-treat. 
When using binary outcomes such as the incidence of 
PONV, the clinical benefit or effectiveness of prophylacti-
cally administered antiemetics for an individual (or a pop-
ulation) with a particular underlying risk profile is best 
described by the ARD. For example, when a patient is at 
very high risk for PONV, say 80%, the use of an antiemetic 
such as ondansetron may reduce the risk to 60% (i.e., the 
ARD is 20%) (Fig. 97-13, A). Thus, ondansetron given to 
100 individuals with a baseline risk of 80% will prevent 
PONV in 20% of cases, and therefore 1 of 5 such patients 
will benefit from the intervention. To put it another way, 
5 high-risk patients would need to be treated prophylacti-
cally to prevent 1 of those 5 patients from experiencing 
PONV: the NNT is 5. Thus, the following formula applies:

 NNT = 1/ARD 

However, when ondansetron is given for prophylaxis 
to patients at low risk for PONV, say 10%, the risk will 
be reduced only to 7.5%; the ARD is only 2.5%, and the 
NNT is 40. Thus, ARD and NNT, both measures of effec-
tiveness, are critically dependent on the patient’s baseline 
risk. As a corollary, ARD or NNT determined in one study 
cannot be taken as a measure of efficacy for patients in 
a population with a different (higher or lower) baseline 
risk. This emphasizes the importance of an objective risk 
assessment to tailor the use of prophylactic antiemetic 
treatment to those patients who benefit most.

relative risk reduction and risk ratio. The aforemen-
tioned examples have one characteristic in common. The 
use of ondansetron reduced the risk by approximately one 
fourth. Thus, in both examples the relative risk reduction 
(RRR) was 25%, and the risk ratio (RR) was 0.75.

 RR = 1 − RRR  



The finding that the RR is a relatively robust measure 
of efficacy for a wide range of baseline event rates has 
been described in other medical areas,109 but it was first 
described in the field of PONV in the IMPACT (Interna-
tional Multicenter Protocol to assess Antiemetic Combi-
nations in a controlled Clinical Trial of factorial design) 
study.74,110 In addition, this study demonstrated that the 
efficacy of each of the three antiemetics tested (ondanse-
tron, dexamethasone, and droperidol) was independent 
of one another and by and large of other risk factors.74 In 
other words, RR and RRR were reliable measures for the 
efficacy of prophylactic antiemetics and were indepen-
dent of the patient’s baseline risk.

As a consequence, the effectiveness in terms of an ARD 
of an antiemetic that can be expected in clinical practice 
can be estimated from the baseline risk multiplied by the 
RRR using the formula:

 ARD = Baseline risk • RRR  

Alternatively, the remaining risk can be estimated 
using the formula:

 
Remaining risk = baseline risk − ARD

= baseline risk • (1 − RRR)
= baseline risk • RR

 

relative benefit for freedoM froM syMptoMs. However, 
the RRR or RR is independent of the patient’s baseline risk 
only when the outcome is “PONV” but not “no PONV.” 
In the first example (i.e., in the high-risk group), the inci-
dence of no PONV was 20% without prophylaxis and 40% 
with prophylaxis (Fig. 97-13, B). Therefore, twice as many 
patients were free of PONV; that is, the relative benefit 
(RB) for no PONV was 2. However, in the second example 
(i.e., in the low-risk group), the incidence of no PONV 
was 90% without prevention and 92.5% with preven-
tion; that is, the RB for no PONV was only 1.03 (92.5/90), 
even though there was a 25% decrease in the incidence of 
PONV. This demonstrates that the RB for “no PONV” or 
“freedom from symptoms” is again highly dependent on 
the patient’s baseline risk. Similarly, this applies to com-
plete response (no vomiting and no rescue treatment) or 
complete control (no nausea, no vomiting, and no rescue 
treatment). Thus, a ratio cannot be taken as a measure 
for drug efficacy when the reported outcome is a measure 
of freedom from symptoms such as “no nausea,” “no 
emesis,” “complete response,” or “complete control.” For 
this reason, future publications should report vomiting or 
nausea rather than no vomiting or no nausea, and com-
pound measures should report PONV or rescue treatment 
rather than complete response or complete control.

Generalizability of study results. As described earlier, 
the number of patients required to demonstrate the anti-
emetic efficacy of a drug in a clinical trial depends criti-
cally on the baseline risk (often described as the control 
event rate). A table for sample size estimations for PONV 
trials can be found in the article by Apfel and colleagues 
entitled “How to Study Postoperative Nausea and Vom-
iting.”105 Fewer patients need to be studied when the 
control event rate is high (i.e., when patients at high risk 
are selected). In addition, patients at high risk are much 
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more likely to benefit from prevention given that their 
absolute risk difference will be larger. Therefore, most 
PONV trials specify certain types of surgical procedures 
that are assumed to be “high-risk procedures.” However, 
as pointed out earlier, patients at risk are more reliably 
identified by using a simplified risk score.38

The other rationale for the selection of just one type of 
surgical procedure is to increase study strength by mini-
mizing heterogeneity. Although this is a  well-recognized 
approach for any continuous outcome, it does not apply 
to binary outcomes in which the confidence interval 
is solely a function of the number and proportion of 
patients.

The third reason that most studies are limited to a cer-
tain type of surgical procedure is the notion that the type 
of surgery may play a critical pathophysiologic role in 
PONV. If that were true, study results for one type of sur-
gical procedure possibly would not be applicable to other 
surgical populations. Carlisle and Stevenson addressed 
this question in a subgroup analysis of their meta-analy-
sis, but they could not find any evidence that the type of 
surgical procedure affects the efficacy of an antiemetic.111 
One theoretical limitation of their subanalysis is that it 
is based on interstudy comparisons. However, two suf-
ficiently powered randomized controlled trials were also 
unable to identify any interaction between antiemetics 
and type of surgery (Fig. 97-14).74,75

In conclusion, currently published data suggest that 
the efficacy of an antiemetic is independent of the type of 
surgery. Therefore, the clinician may assume similar anti-
emetic efficacy for other types of surgical procedures or 
similar settings from those in the randomized trials. For 
the clinical researcher, it would be better to address more 
novel questions than to repeat PONV trials that have 
already been studied in other types of surgical procedures. 
As a corollary, it appears that separate meta-analyses of 
PONV for specific types of surgical procedures112,113 are 
unlikely to advance our knowledge and understanding.

PERIOPERATIVE PAIN MANAGEMENT  
(See also Chapter 98)

Local Anesthesia
Data from multivariable analyses suggest that the main 
cause of PONV is exposure to emetogenic triggers, namely 
inhaled anesthetics and opioids. If both these drug classes 
can be avoided, PONV incidence can be expected to be 
quite low. In fact, a 5-year review of 1264 cases using an 
opioid-free propofol/ketamine sedation technique for a 
wide range of ambulatory surgical procedure performed 
with local anesthesia reported only 7 patients (0.6%) 
with vomiting and 21 patients (2%) requiring postopera-
tive antiemetics.114 However, the lack of a control group 
in this study necessitates cautious interpretation. Nev-
ertheless, this result is in accordance with small-scale, 
high-quality randomized controlled trials, such as the 
comparison of anesthetic techniques by Song and col-
leagues.115 In that study, ilioinguinal-hypogastric nerve 
block, spinal anesthesia, and general anesthesia (with vol-
atile anesthetics and opioids) were associated with PONV 
incidences of 7%, 12%, and 62%, respectively.
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Regional Anesthesia
Consistent with the low incidence of PONV after primar-
ily regional techniques with or without sedation (see also 
Chapters 56 and 57) are the results of a meta-analysis 
that compared single-shot regional anesthesia (periph-
eral nerve block or central neuraxial blockade) with gen-
eral anesthesia as the primary anesthetic technique for 
ambulatory surgery.116 Patients who were randomized to 
receive a peripheral nerve block had a more than fourfold 
lower incidence of nausea than those receiving a general 
anesthetic regimen (6.8% versus 30%). The RR was 0.23, 
which corresponds to an RRR of 77%, an antiemetic effi-
cacy that can be achieved only by a quadruple antiemetic 
combination (see later).74

Similarly, central neuraxial blockade was also associ-
ated with a numerically lower incidence of nausea (5% 
versus 14.7%), an RR of 0.34, and an RRR of 66%. How-
ever, this incidence failed statistical significance, and fur-
ther research is needed to confirm this finding (P < .06). 
Anesthetic solutions for epidural anesthesia often con-
tain opioids to increase the density of the block, and this 
may be the reason that opioid-free paravertebral blocks 
are associated with a lower incidence of PONV compared 
with epidural anesthesia.117

In this respect, intraoperative nausea and vomit-
ing after spinal anesthesia is different. Two large cohort 
studies of spinal anesthesia identified the following 
independent predictors of nausea and vomiting in the 
perioperative period: female gender, history of motion 
sickness, preoperative tachycardia, preoperative intrave-
nous opioids, intrathecal procaine, use of phenylephrine 
or epinephrine, and hypotension or high intrathecal 
block (T4 or higher).118,119

Nonopioid Analgesics
Although individual studies have been able to demon-
strate a reduction in pain and/or opioid consumption 
by NSAIDs (see also Chapter 30), most were unable to 
demonstrate benefits in their secondary outcomes, such 
as incidence of PONV. Marret and Bonnet and their col-
leagues conducted a quantitative systematic review of 
randomized controlled trials, and although evidence was 
insufficient to demonstrate a significant reduction of pru-
ritus, urinary retention, or respiratory depression, these 
investigators were able to demonstrate an RR of 0.7 for 
PONV (i.e., an RRR of 30%).78 Although the efficacy of 
NSAIDs is not as high as that of regional anesthetic tech-
niques, NSAIDs are equal to antiemetics such as 4 mg of 
ondansetron.

Antiemetics
To date, more than 3000 articles on PONV have been pub-
lished, with more than 300 articles added yearly. Most are 
reports of randomized controlled trials for the prevention 
of PONV, yet it is apparent that the elusive “holy grail” 
PONV prevention has yet to be found.

One reason could be that relatively little effort has 
been made to understand the causes of PONV. For exam-
ple, few reviews acknowledge that the strongest known 
causes of PONV are inhalational anesthetics and opioids, 
and that an opioid-free regional anesthetic technique is 
probably the most effective way to prevent PONV. How-
ever, a particular patient may have medical and logisti-
cal reasons that a local or regional anesthetic technique 
would not be practical. Therefore, even though the effi-
cacy of antiemetics is limited, and avoiding the causes for 
PONV appears to be more effective, antiemetics remain 
important tools for the prevention of PONV in many 
clinical situations.

META-ANALYSES

Given the abundance of published PONV studies, it is 
highly desirable to (1) identify all available evidence,  
(2) reconcile controversial results if possible, and (3) deter-
mine the treatment effect based on the best available evi-
dence. This can be achieved through a systematic review 
such as a Cochrane review with a prespecified study 



question, inclusion and exclusion criteria, and well-estab-
lished search algorithms to ensure identification of all 
relevant articles. The term systematic review characterizes 
the scientific rigor to identify and consider all available 
evidence, whereas the term meta-analysis characterizes 
the statistical approach to synthesize the various study 
results to come up with the most accurate point estimate 
for the treatment effect. Thus, a systematic review that 
uses a meta-analysis to quantify the treatment effect is 
often described as a quantitative systematic review.

The first systematic review on PONV was by Tramer 
and associates on the effect of nitrous oxide.94 Because 
systematic reviews tend to focus on a well-defined, spe-
cific question, dozens of other systematic reviews have 
been subsequently published, thus requiring reviews of 
systematic reviews.120,121

Fortunately, Carlisle and Stevenson created a com-
prehensive Cochrane review for all drugs that have been 
studied for the prevention of PONV.111 The first edition 
encompasses 737 studies involving 103,237 patients. It 
is the largest PONV meta-analysis to date and clearly the 
most important for clinicians seeking a single reference 
for drugs that may prevent PONV. In addition, in con-
trast to many previous systematic reviews that focused 
on the NNT, which—as described earlier—is not a useful 
estimate to characterize the efficacy, the Cochrane review 
from Carlisle and Stevenson used the RR.

ANTIEMETICS

Table 97-2 gives an overview of antiemetic agents.

DOPAMINE ANTAGONISTS

Metoclopramide has been used for decades to prevent 
PONV. Its antiemetic properties are primarily mediated 
through its antidopaminergic action and its prokinetic 
properties.122 In the past, use of large doses of metoclo-
pramide (e.g., 200 mg every 6 hours) was a mainstay for 
prevention of chemotherapy-induced nausea and vomit-
ing (CINV). These large doses likely have antiserotonin-
ergic properties.123 Unfortunately, these large doses cause 
extrapyramidal side effects in more than 10% of patients; 
these side effects can be treated with antihistamines and 
benzodiazepines.124

As a result, small doses of metoclopramide (10 mg) 
became widely used in clinical practice. However, this 
amount has been proven not to be clinically effective.125 
Consequently, Wallenborn and associates conducted a 
large randomized placebo-controlled trial comparing 8 
mg dexamethasone alone or combined with either 10, 25, 
or 50 mg metoclopramide.126 The RRs for the prevention 
of PONV for these three combinations compared with 
dexamethasone alone were 0.89, 0.74, and 0.63, respec-
tively. Thus, the efficacy of 25- or 50-mg doses seems to 
be comparable to that of other well-established antiemet-
ics. Efficacy must be balanced against the potential side 
effects (the most frequent were treatable hypotension 
and tachycardia) and the incidence of dyskinetic and/or 
extrapyramidal symptoms, which were 0.1%, 0.4%, 0.8%, 
and 0.8%, respectively, in those four groups. In children 
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undergoing tonsillectomies, a moderate dose of 0.5 mg/
kg of metoclopramide was not equivalent to 0.1 mg/kg of 
ondansetron.127

Droperidol is a highly potent D2-antagonist with well-
proven antiemetic properties at intravenous doses as small 
as 0.625 to 1.25 mg111,128,129 and an overall RR of 0.75 and 
0.76, for nausea and vomiting, respectively.130 Although 
droperidol was previously believed to be more effective 
against nausea than vomiting,128 IMPACT demonstrated 
that droperidol has similar efficacy against both out-
comes (Fig. 97-15).130 Furthermore, it is similarly effective 
compared with ondansetron,74,131 with an RR for PONV 
of 0.62.111 Compared with placebo, droperidol is associ-
ated with increased sedation (RR, 1.32) but a decreased 
incidence of headache (RR, 0.79).111 Although droperidol 
has been investigated in more than 400 articles, its mini-
mal effective dose and optimal time of administration 
have not yet been established. Because of its relatively 
short plasma half-life of approximately 3 hours, droperi-
dol should be given at the end of the surgical procedure 
and at the lowest effective dose of 0.625 mg to minimize 
potential sedative side effects.

For the same pharmacokinetic reason, the supplemen-
tation of a morphine-loaded PCA pump with droperi-
dol appears to be a highly effective approach to reduce 
opioid-induced nausea and vomiting. In a dose-response 
study, adding 5, 15, or 50 μg to 1 mg of morphine led to 
an RR of 0.88, 0.63, and 0.44, respectively.132 Although 
50 μg of droperidol per milligram of morphine appears to 
be the most effective dose, it was associated with sedative 
side effects, so the authors concluded that a dose of 25 μg 
droperidol per milligram of morphine was optimal.

Low-dose droperidol has also been reported to lead to 
anxiety and restlessness,133 akathisia,134 and dystonia.135 
However, data are conflicting.136 In addition, the U.S. 
Food and Drug Administration (FDA) has received reports 
of severe arrhythmias (torsades de pointes) and deaths 
in association with the use of low-dose droperidol, thus 
leading to the following black box warning:
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versus placebo for 0 to 24 hours. (Data from IMPACT; figure from Apfel 
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Droperidol is contraindicated in patients with known or 
suspected QT prolongation, including patients with con-
genital long QT syndrome. In patients who fail to show an 
acceptable response to other adequate treatment, a 12-lead 
ECG must confirm the absence of QT prolongation (440 
msec for males, 450 msec for females) prior to administra-
tion of droperidol, and ECG monitoring should be continued 
for 2 to 3 hours after drug administration. Also, it should be 
administered with extreme caution to patients who may be at 
risk for the development of a prolonged QT syndrome, such 
as in patients with electrolyte disturbances or those receiving 
volatile anesthetics and intravenous opioids.

The FDA black box warning for droperidol has cre-
ated controversy among physicians who continue to see 
a value in its low-dose use for PONV prevention. Accord-
ing to a study by White and associates, general anesthe-
sia itself leads to QT prolongation from approximately 
400 to 430 msec, and the mean maximal QT prolonga-
tions when placebo, 0.625 mg, or 1.25 mg droperidol 
was administered during anesthesia were 12, 15, and  
22 msec, respectively.137 The anesthetic had a much 
stronger overall effect on the average QTc interval 
compared with droperidol, and it was associated with 
considerably more interindividual variability. Con-
versely, one instance of QT prolongation of 133 msec 
was observed in a single patient who received 1.25 mg 
of droperidol. Charbit and colleagues investigated the 
effect of 0.75 mg of droperidol or 4 mg of ondanse-
tron on the QTc interval when these drugs were given 
as rescue treatment in the PACU.138 More than 40% of 
patients had a prolonged QTc interval after anesthesia, 
and the mean maximal additional QTc prolongation 
was 17 msec after droperidol and 20 msec after ondan-
setron (Fig. 97-16). This finding raises a question about 
the clinical relevance of QT prolongation. In general, 
the Committee for Proprietary Medicinal Products in the 
United Kingdom considers QT prolongation of less than 
30 msec unlikely to be clinically relevant. Furthermore, 
based on data from patients with congenital prolonged 
QT syndrome, a prolongation of 10 msec corresponds 
to a hazard ratio of 1.056, which translates to an 18% 
increased risk (RR, 1.18) at 30 msec but double the risk 
(RR, 2.06) at 133 msec.139 Based on these data, the risk of 
droperidol for healthy patients with a normal electrocar-
diogram appears to be negligible. It is, however, difficult 
to exclude the possibility that the addition of droperi-
dol in a clinical context of an unrecognized conduction 
abnormality alongside other QTc-prolonging drugs may 
trigger a clinically relevant QT prolongation leading to 
torsades de pointes.140

Because of the droperidol black box warning, halo-
peridol has garnered more interest, and more recent 
studies have shown an efficacy similar to that of ondanse-
tron.141,142 However, cardiac arrhythmias and death asso-
ciated with haloperidol have also been reported to health 
agencies, so the FDA has issued an alert that haloperidol 
is approved only for intramuscular administration and 
that intravenous injection is off-label use.

Alizapride and the highly potent neuroleptics perphen-
azine (Decentan, Trilafon) and prochlorperazine (Compa-
zine) are less frequently used dopamine antagonists that 
have additional mechanism of actions. Although their 
efficacy appears comparable to that of other antiemet-
ics, these drugs have not been studied extensively, such 
that the limited number of patients provides insufficient 
power to detect all treatment effects.111 A main reason for 
the rather infrequent use of these drugs may be sedative 
side effects that can delay recovery.

HISTAMINE ANTAGONISTS

Diphenhydramine (Benadryl) and dimenhydrinate (an 
aminophylline salt of diphenhydramine) are histamine 
(H1)-receptor antagonists known for their effectiveness 
against motion sickness and relatively weak anticholin-
ergic (antimuscarinic) activities (see Table 97-2).111,143 
Cyclizine (Marezine) and promethazine (Atosil, Phen-
ergan) seem to have equal antihistaminic and anticho-
linergic properties, this feature poses a contraindication 
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Figure 97-16. Prolongation of QTc interval after postoperative nau-
sea and vomiting treatment by droperidol (A) or ondansetron (B). 
(From Charbit B, Albaladejo P, Funck-Brentano C, et al: Prolongation of 
QTc interval after postoperative nausea and vomiting treatment by dro-
peridol or ondansetron, Anesthesiology 102:1094-1100, 2005.)
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TABLE 97-2 MECHANISMS, DOSES, AND MEASURES OF EFFICACY OF ALL INVESTIGATED ANTIEMETICS WITH 
STATISTICALLY SIGNIFICANT OUTCOME

Antiemetic (U.S. Trade 
Names)

Primary 
(Other) 
Mechanisms

Frequently Studied 
Adult Doses, Given 
Intravenously Unless 
Noted Otherwise

Risk Ratio Compared With  
Placebo That Met Statistical 

Significance

CommentsNausea Vomiting PONV

Metoclopramide  
(Reglan)

D2, prokinetic, 
(5-HT3)

10 or 20 mg
10 mg
25 mg
50 mg

0.82
0.75
0.57

0.76
0.80
0.71
0.60

0.76
0.78
0.74
0.63

Droperidol (Inapsine) D2, (α1) 0.625-1.25 mg 0.65 0.65 0.62 Sedation RR = 1.32,  
decreased 
headache  
RR = 0.79, FDA 
black box warning

Haloperidol (Haldol) D2,3,4, (D1), 
5-HT2

1 mg IV
or 0.5 mg IM

0.48 0.38
0.23

FDA safety alert

Alizapride (Vergentan) D2, prokinetic 50-200 mg 0.65 0.49 No evidence for 
dose response

Perphenazine (Trilafon) D2, (D1), H1, 
5-HT2

2.5-5 mg IV or IM 0.70

Prochlorperazine 
(Compazine)

D2, (M, α1, H1) 6.25-12.5 mg IV or  
IM, 3-6 mg buccal

0.73 0.68 0.68

Dimenhydrinate 
(Dramamine) or 
diphenhydramine 
(Benadryl)

H1, (M) 31.25-62.5 mg IV,  
50 mg suppository

0.61 0.71 Drowsiness  
RR = 9.0

Cyclizine (Marezine) H1, (M) 50 mg IV or IM 0.67 0.55 0.67
Promethazine 

(Phenergan)
H1, (M) 12.5-25 mg or  

12.5-50 mg IM
0.46

Hyoscine (Scopoderm) M 1.5 mg (3 times/day) 0.63
0.49
0.71

0.65
0.43
0.68

0.71
0.46
0.78

Dry mouth  
RR = 1.25

Ondansetron (Zofran) 5-HT3 4 mg 0.68 0.54 0.56 Headache RR = 1.16, 
administer at end 
of surgery

Dolasetron (Anzemet) 5-HT3 12.5-50 mg 0.82 0.62 0.72 Arrhythmia warning 
(Canada)

Granisetron (Kytril) 5-HT3 1 mg 0.67 0.42 0.56
Tropisetron (Navoban) 5-HT3 All doses

2 mg
5 mg

0.77
0.75
0.69

0.60
0.67
0.56

0.72
0.71
0.69

Decreased dizziness 
RR = 0.37

Palonosetron (Aloxi) 5-HT3 0.075 mg 0.69 0.66
Diazepam, Lorazepam 

(Ativan)
GABAA 

modulation
10 mg PO, 2-2.5 mg  

PO
0.50,
0.55

Midazolam (Versed) GABAA 
modulation

2-5 mg IV, 7.5-15 mg  
PO

0.73

Alvimopan (Entereg) μ-Opioid 
receptors

Dexamethasone 
(Decadron)

Unknown 4-8 mg 0.58 0.51 0.48 Slow onset, 
administer after 
induction

Aprepitant (Emend) NK1 40 mg PO Active control with 
ondansetron: 
similarly effective 
against nausea  
but significantly 
more effective 
against vomiting: 
RR = 0.38 and 
0.55, respectively

D, Dopamine; FDA, U.S. Food and Drug Administration; GABA, γ-aminobutyric acid; H, histamine; 5-HT3, 5-hydroxytryptamine 3 (serotonin); IM, intra-
muscularly; IV, intravenously; M, muscarinic; NK1, neurokinin-1; PO, orally; PONV, postoperative nausea and vomiting; RR, risk ratio.
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for patients with glaucoma and prostate hypertrophy. 
All relatively nonspecific histamine receptor antagonists 
have sedative side effects that may delay recovery when 
these drugs are given immediately before the end of anes-
thesia. Diphenhydramine, cyclizine, and promethazine 
are effective for the prevention of PONV, with RRs of 
0.71, 0.67, and 0.46, respectively.111 Side effects include 
drowsiness (RR, 9.0),111 as well as urinary retention, dry 
mouth, blurred vision, and extrapyramidal symptoms 
reported too infrequently to draw conclusions.111,143 Pro-
methazine has also been reported to cause vascular necro-
sis requiring plastic surgery of skin lesions and/or limb 
amputations that led to an FDA safety alert in 2006.

ANTICHOLINERGICS

Data on the potential antiemetic properties of atropine 
are conflicting. For example, when coadministered with 
neostigmine to reverse neuromuscular blockade, atro-
pine was associated with less postoperative vomiting 
compared with glycopyrrolate.48,111 One plausible expla-
nation is that atropine, unlike glycopyrrolate, crosses the 
blood-brain barrier. However, comparisons of atropine 
versus placebo have been negative,111 perhaps because 
of the drug’s short half-life. Scopolamine is another cen-
trally acting anticholinergic (antimuscarinergic) agent 
that, like atropine, has a relatively short half-life. This 
limitation is overcome by a transdermal formulation 
that allows a more favorable pharmacokinetic profile to 
cover up to 72 hours. The membrane layer of the trans-
dermal patch is required for the slow, sustained release 
of scopolamine and therefore should not be cut to limit 
the dose administered. Instead, patients can remove 
the patch once symptoms have cleared or the highest-
risk period (i.e., the first 4 to 6 postoperative hours) has 
passed. The antiemetic properties of scopolamine are 
well established for the prevention of motion-induced 
nausea and vomiting,144 and the scopolamine patch has 
also been shown effective for the prevention of PONV 
in the first 24 postoperative hours, with RRs of 0.59 and 
0.68, respectively.145 Transdermal scopolamine appears 
to be similarly effective when applied the night before 
the surgical procedure or the morning of the surgi-
cal procedure (RRs = 0.56 and 0.61, respectively).145 Its 
long duration of action may be especially useful for the 
prevention of PDNV in ambulatory patients; data, how-
ever, are limited. An increased incidence of visual distur-
bances at 24 to 48 hours postoperatively appears to be 
the only side effect associated with its use; an apparent 
dose-response relationship exists because visual distur-
bances increase threefold on postoperative day 2 (i.e., 
after 2 days of exposure to the drug).145 Although no 
association with confusion was found in a meta-analysis 
of more than 3000 patients, further study is needed to 
determine whether older patients are more susceptible 
to this adverse event with administration of anticho-
linergics such as scopolamine.146 In addition, because 
transdermal scopolamine can also cause temporary 
pupil dilation,146 this drug should be used with caution 
in the context of neurosurgical procedures for which 
pupil dilation can be an important indicator of serious 
complications.
SEROTONIN ANTAGONISTS

Ondansetron was the first serotonin antagonist, and its 
introduction was a milestone in the prevention of early 
CINV. It was considerably more effective and had fewer 
side effects (no extrapyramidal symptoms or sedation) 
compared with all previous antiemetics. Given the supe-
rior efficacy of ondansetron for CINV, it is not surprising 
that the drug quickly established a reputation as the most 
effective antiemetic for prevention of PONV. This per-
ception was further nurtured by duplicate publication of 
positive studies that, according to analyses by Tramer and 
co-workers, would lead to a 23% overestimation of ondan-
setron’s effectiveness if included in a meta-analysis.147 In 
fact, in the IMPACT trial of more than 5000 patients, the 
risk reductions for nausea and vomiting were 0.74 and 
0.67, respectively.148 Like droperidol, ondansetron was 
previously believed to be more effective for one outcome 
(vomiting) than the other,149 but IMPACT demonstrated 
that ondansetron has similar efficacy against both nausea 
and vomiting (Fig. 97-17).148 In addition, the same trial 
showed that the efficacy of ondansetron against PONV is 
similar to that of other antiemetics.74 Specifically, 4 mg 
of ondansetron, 4 mg of dexamethasone, and 1.25 mg of 
droperidol had RRs of 0.76, 0.76, and 0.74, respectively 
(i.e., each drug led to an RRR of approximately 25%.)74 
Ondansetron has a plasma half-life of 4 hours and is 
therefore more effective when it is given at the end of a 
surgical procedure instead of immediately after induction 
of anesthesia.150,151

Dolasetron mesylate, and its liver-converted active 
metabolite hydrodolasetron, are highly specific 5-HT3 
antagonists with plasma half-lives roughly twice as long 
as that of ondansetron. In general, all first-generation 
serotonin antagonists are considered to be equally effec-
tive when given at equipotent doses. For ondansetron,  
4 mg is well documented to be the minimal effective dose 
(the minimal dose at which any further increase fails to 
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Figure 97-17. Relative risks (RR) of nausea and vomiting for ondan-
setron versus placebo. The difference of 0.07 in relative risks for the 
two outcomes is unlikely to be clinically relevant. (From Jokela RM, 
Cakmakkaya OS, Danzeisen O: Ondansetron has similar clinical efficacy 
against both nausea and vomiting, Anaesthesia 64:147-151, 2009.)



produce additional clinically relevant benefit). For dolas-
etron, the data from Korttila and associates suggest that 
50 mg is superior to 25 mg and equivalent to 4 mg of 
ondansetron.152 However, this finding contrasts with a 
pooled analysis of three trials that suggests that 12.5 mg is 
the minimum effective dose, which is the dose approved 
by the FDA for the prevention of PONV.153

Granisetron is another highly specific 5-HT3 antagonist, 
with a half-life that is approximately twice as long as that 
of ondansetron. The FDA-approved dose for the preven-
tion of PONV is 1 mg. This is based on a dose range study 
from Wilson and associates in which 0.1, 1.0, and 3.0 mg 
were associated with RRs for postoperative vomiting of 
0.94 (not significant), 0.56, and 0.66, respectively.154 A 
second dose-response study investigated the efficacy of 2, 
5, 10, and 20 μg/kg and found that 5 μg/kg appears to be 
the minimal effective dose, which corresponds to roughly 
0.35 mg for a 70-kg adult patient.155 Despite results from 
these relatively large randomized controlled trials, some 
more recent studies re-explored the possibility that doses 
as low as 0.1 mg are effective for the prevention of PONV. 
One study compared 0.1, 0.2, and 0.3 mg with placebo 
in patients undergoing abdominal hysterectomies.156 
Although all three doses were associated with less vomit-
ing within the first 6 hours, no significant difference could 
be demonstrated over 24 hours. Another study compared 
the combination of 8 mg of dexamethasone plus either 
0.1 mg of granisetron or 4 mg of ondansetron in patients 
undergoing laparoscopy.157 However, that study was not 
sufficiently powered to demonstrate a statistically signifi-
cant difference for the main outcome of vomiting in the 
first 2 postoperative hours, which was 6% in the granis-
etron-treated group and 3% in the ondansetron-treated 
group. The studies on granisetron that suggested that  
3 mg is superior to 1 mg for preventing PONV have been 
discredited. The current evidence suggests that the FDA 
approved dose of 1 mg—but not 0.1 mg—is an effective 
dose for the prevention of PONV.

Whereas all serotonin antagonists are considered to 
be similarly effective, the second-generation palonose-
tron may be an exception. Not only does palonosetron 
have a long half-life of approximately 40 hours, but it 
also exhibits allosteric binding to 5-HT3 receptors with 
subsequent receptor internalization, as well as negative 
cooperativity with neurokinin-1 (NK1) receptors.158,159 
Perhaps because of these unique properties, palonose-
tron is the most effective 5-HT3 receptor antagonist for 
the prevention of CINV, especially delayed CINV, for 
which the previous serotonin antagonists are usually 
ineffective. Whether this will translate into higher effi-
cacy for the prevention of PONV, and perhaps PDNV, 
is unclear. Like other 5-HT3 receptor antagonists, palo-
nosetron, at 0.075 mg. has been associated with a RRR 
of approximately 30% for PONV.160,161 However, a 
more recent study in which palonosetron and ondan-
setron were administered at equipotent doses in con-
junction with a fentanyl PCA pump did show superior 
efficacy against PONV with palonosetron.162 Beyond 
the extended half-life and superior efficacy of the drug, 
palonosetron also does not appear to affect the QT 
interval and therefore may be safer for patients at risk of 
cardiac arrhythmias.
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DEXAMETHASONE

Dexamethasone is well documented as an effective anti-
emetic,74,111 and animal experiments suggest that it exerts 
its antiemetic effects through central inhibition of the 
nucleus tractus solitarii but not the area postrema.163 Most 
early studies were conducted with 8 to 10 mg of dexameth-
asone,129,164 but convincing evidence from several smaller 
dose-response trials indicates that 2.5 to 5 mg can be con-
sidered the minimum effective dose.165-167 Dexametha-
sone has a slow onset of action, which may be the reason 
that its application at the beginning of a case appears to be 
superior to later use.168 According to Carlisle and Steven-
son, the RR of dexamethasone is 0.57 for nausea and 0.51 
for vomiting,111 and direct head-to-head comparisons sug-
gest that its efficacy is similar to that of ondansetron and 
droperidol.74,111

NEUROKININ ANTAGONISTS

Substance P is a regulatory peptide that binds to NK1 
receptors found in vagal afferents in the gastrointesti-
nal tract. More importantly, in the 1950s it was shown 
to reside in areas of the central nervous system that are 
thought to be involved in the vomiting reflex.169 Never-
theless, it took more than 40 years before it became appar-
ent that NK1 antagonists could be highly effective against 
a wide range of emetic stimuli in animal studies.170 A 
few years later, Diemunsch and colleagues showed the 
clinical feasibility for control of established PONV after 
major gynecologic surgery in a pilot study with the NK1 
antagonist GR205171.171 This work was followed by a 
multicenter study with CP-122,721172 in which 200 mg 
reduced the incidence of postoperative emesis from 50% 
to 10%, which corresponds to an RR of 0.2 and an RRR of 
80%—significantly more effective against vomiting than 
all other previous antiemetics.

The strong antiemetic property of NK1 receptor antag-
onists was confirmed by studies of aprepitant, the first 
drug in its class approved for clinical use by the FDA. In a 
three-arm multicenter study, 4 mg of ondansetron, given 
intravenously, was compared with 40 mg and 125 mg  
of orally administered aprepitant.173 Although the  
incidence of nausea was similar between the groups, the 
incidences for vomiting were 26%, 10%, and 5%, respec-
tively. Considering that ondansetron reduces the risk of 
vomiting by approximately 26%,74 if a placebo group had 
been included in this study, the incidence in the placebo 
group would likely have been in the 35% range. In that 
case, the RRs for 40 and 125 mg of aprepitant would have 
been in the range of 0.3 and 0.15 compared with placebo, 
that is, an RRR in the range of 70% or 85%, again clearly 
more effective than other antiemetics. A similar inter-
national trial (again without a placebo control group) 
yielded similar (though less striking) results for apre-
pitant.174 In that study, the incidences of vomiting for  
4 mg of ondansetron given intravenously, 40 mg of apre-
pitant, and 125 mg of aprepitant orally were 29%, 16%, 
and 14%, respectively. For the prevention of PONV, 40 
mg of aprepitant is the dose approved by the FDA.

In the future, it is likely that other NK1 receptor antago-
nists will appear on the market, such as casopitant175 and 
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rolapitant.176 However, although NK1 receptor antago-
nists appear to be superior for preventing vomiting, they 
may not be superior for preventing nausea. Furthermore, 
aprepitant is rarely used for PONV because of its rela-
tively high cost. Nevertheless, their excellent antiemetic 
profiles make NK1 antagonists ideal drugs to reduce the 
medical risk that may be associated with vomiting after 
certain procedures (e.g., wired jaw, neurosurgical proce-
dures, and upper gastrointestinal surgery).

COMBINATIONS AND MULTIMODAL 
THERAPY

None of the currently available antiemetics is capable of 
completely eliminating the incidence of PONV. In fact, 
according to the meta-analysis from Carlisle and Steven-
son, the overall RR for FDA-approved “effective” anti-
emetics is 0.65, that is, the RRR is 35%.111 Considering 
that smaller studies tend to be published more often if 
the results are positive (publication bias), the “true” RRR 
is likely to be smaller than 35%. In fact, in a large mul-
ticenter trial, the RRs for ondansetron, dexamethasone, 
and droperidol were in the range of 0.75; that is, the RRR 
was 25% rather than 35%.74

Given the limited antiemetic efficacy of prophylac-
tic antiemetics, Scuderi and co-workers were the first to 
investigate a multimodal approach.177 In patients under-
going outpatient laparoscopy, these investigators studied 
a combination antiemetic regimen (group I, n = 60) that 
consisted of both preoperative interventions (10 to 30 μg/
kg midazolam for anxiolysis, 10 mL/kg crystalloid fluid 
administration) and intraoperative interventions (0.625 
mg of droperidol, 10 mg of dexamethasone, induction 
and maintenance with remifentanil/propofol, gastric 
decompression, 30 mg of ketorolac, 1 mg of ondansetron 
at the end of the surgical procedure, and 25 μg of fen-
tanyl 10 minutes before end of the surgical procedure). 
Patients in groups II and III received balanced anesthe-
sia with sevoflurane/nitrous oxide/fentanyl with (n = 
42) or without (n = 37) 4 mg of ondansetron. With the 
multimodal group I regimen, no patients vomited, and 
only 1 of 60 patients (1.7%) experienced nausea before 
discharge from the hospital. In contrast, 10 patients in 
group II (24%), and 15 in group III (42%) experienced 
nausea. Although this study demonstrated an impressive 
reduction in PONV, the study design could not identify 
to what extent each individual intervention contributed 
to the reduction in PONV. Furthermore, it was unclear 
what interactions may exist among the various anti-
emetic interventions (e.g., whether a certain synergis-
tic combination contributes the most to these positive 
results).

This work led to the development of IMPACT.74,110 
In this trial, 4123 patients were randomly assigned to  
1 of 64 possible combinations of 6 prophylactic interven-
tions: 4 mg of ondansetron or no ondansetron; 4 mg of 
dexamethasone or no dexamethasone; 1.25 mg of dro-
peridol or no droperidol; propofol or a volatile anesthetic; 
nitrogen or nitrous oxide; and remifentanil or fentanyl. 
Ondansetron, dexamethasone, and droperidol each 
reduced the risk of PONV by approximately 26% (RR, 
0.74).74 Propofol reduced the risk by 19%, and nitrogen 
by 12%; the combined RRR of propofol with no nitrous 
oxide (i.e., total intravenous anesthesia [TIVA]) was thus 
similar to that observed with each individual antiemetic. 
This study provided two major insights. First, it demon-
strated that all interventions acted independently of each 
other; therefore, the RRs associated with combined anti-
emetic interventions can be estimated by multiplying the 
RRs associated with each intervention. For example, the 
RR for a triple combination of ondansetron plus dexa-
methasone plus droperidol is 0.74 × 0.74 × 0.74 = 0.41; 
that is, the application of three antiemetics that each 
reduces the risk by approximately one fourth results in 
an RRR of 1 − 0.41 = 59%. Figure 97-18 demonstrates that 
all three antiemetics are similarly effective, and all three 
double combinations are similarly effective because no 
interactions occur. Second, it was demonstrated that the 
efficacy of the drugs as measured by the odds ratio or RR is 
independent of the patient’s risk. Therefore, the effective-
ness (in terms of absolute risk difference or NNT) primar-
ily depends on the patient’s baseline risk rather than on 
the choice of antiemetic, and each additional antiemetic 
in a combination regimen adds less and less additional 
benefit as the patient’s risk decreases.

As an example, a female nonsmoker without a history 
of PONV or motion sickness who is expected to require 
postoperative opioids has a PONV risk of approximately 
60%.5 If she receives an antiemetic (e.g., 4 mg of dexa-
methasone), her risk will decrease to 44% (Table 97-3;  
0.6 × 0.74 = 0.44), which means that the absolute risk 
difference will be 16%. If she receives a triple antiemetic 
therapy, her risk will decrease to approximately 24%, 
and a fourth antiemetic would reduce the risk to 18% 
(see Table 97-3). Adding a fourth antiemetic would thus 
result in an absolute risk difference of only 6% (i.e., less 
than half as much reduction as for the first antiemetic). 
Apparently, the first antiemetic has the greatest effec-
tiveness, and additional prophylactic antiemetics are 
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associated with decreased effectiveness because of the 
already decreased baseline risk. Another example would 
be a male smoker who is undergoing a short procedure 
that will not require postoperative opioids and who will 
start off with a risk of approximately 10%.5 Even the 
first antiemetic will at best reduce the risk by no more 
than 3% (see Table 97-3). The key message here is that 
the patient’s baseline risk is the main determinant of the 
effectiveness of antiemetic interventions. Therefore, pro-
phylaxis is rarely justified in patients at low risk, a single 
antiemetic is likely to be reasonable for patients with a 
moderate risk, and patients at high risk are likely to ben-
efit from combination treatment.74

ALTERNATIVE OR ADJUVANT APPROACHES

Ginger is frequently assumed to have antiemetic proper-
ties, even though few studies were conducted, most of 
which had negative results, and meta-analyses came to 
conflicting conclusions.178-180 According to the compre-
hensive review by Carlisle and Stevenson, evidence that 
ginger is an effective intervention for the prevention of 
PONV appears to be lacking.111

A meta-analysis of studies on liberal crystalloid fluid 
supplementation demonstrated that this intervention 
can be as effective as an antiemetic to reduce PONV 
outcomes and that its effect on PONV is stronger in the 
late postoperative period.181 Supplemental crystalloids 
were previously believed to reduce PONV by alleviating 
dehydration and subsequent organ hypoperfusion after 
overnight fasting; however, surgical patients have been 
shown to remain normovolemic even after 10 hours of 
fasting. Therefore, one may speculate that additional 
fluids may instead alleviate the relative hypovolemia 
induced by volatile anesthetics, which can trigger the 
release of emetogenic arginine vasopressin182-184 from the 
posterior pituitary. Although crystalloid fluids may be a 
relatively inexpensive intervention with a safe side effect 
profile, liberal fluid administration may be detrimental 
for wound healing and for recovery from larger proce-
dures such as major intraabdominal operations, in which 
fluid accumulation is more likely.185-187 In addition, a 

TABLE 97-3 ESTIMATED POSTOPERATIVE NAUSEA 
AND VOMITING INCIDENCE AS A FUNCTION OF 
BASELINE RISK, ASSUMING EACH INTERVENTION 
REDUCES RELATIVE RISK BY 26% 

Number of Interventions

None* (%) One (%) Two (%) Three (%) Four (%)

10 7 5 4 3
20 15 11 8 6
40 29 22 16 12
60 44 33 24 18
80 59 44 32 24

From Apfel CC, Korttila K, Abdalla M, et al: A factorial trial of six interventions 
for the prevention of postoperative nausea and vomiting, N Engl J Med 
350:2441-2451, 2004.

*The exemplified baseline risk levels of 10%, 20%, 40%, 60%, and 80% 
reflect 0, 1, 2,3, and 4 risk factors considered in a simplified risk score, 
respectively.
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large, well-designed trial is still needed to confirm the 
results of this meta-analysis.

Various reports have investigated stimulation of the 
classic acupuncture P6 point (the sixth point on the peri-
cardial meridian at the volar side of the wrist) for the pre-
vention of PONV.188-192 A Cochrane review by Lee and 
associates in 2004 identified 26 trials and found RRs of 
0.72 for nausea and 0.71 for vomiting compared with 
sham.193 This effect is comparable to that of conven-
tional antiemetics.194 These positive results bring up the 
question why P6 stimulation is rarely used for the pre-
vention of PONV. Because most studies were small, Lee 
and colleagues conducted a secondary simulation analy-
sis that suggested that the effect for nausea, but not for 
vomiting, may result from publication bias.195 Based on 
the published evidence, it appears that stimulation of the 
P6 wrist point by means of acupuncture, electroacupunc-
ture, transcutaneous nerve stimulation, laser stimulation, 
acu-stimulation device, and acupressure is an effective 
measure for the prevention of PONV.

SPECIAL SETTINGS

PEDIATRIC ANESTHESIA

Fewer studies have been conducted in children, and these 
generally focus on POV because the assessment of nau-
sea can be difficult in younger children (see also Chapter 
93).196,197 A limited number of studies investigated risk fac-
tors,198 but only one well-designed multicenter prospective 
survey developed a predictive model for POV (see also the 
earlier section on risk assessment).67 Although the impact 
of the type of surgery remains somewhat controversial in 
adults, strabismus surgery and especially myopexy (Faden 
surgery)102,199 appear to be independent predictors of POV 
in children, as determined by Eberhart and colleagues.67 
At the same time, contrary to widely held belief, little evi-
dence suggests that ENT surgical procedures or appendec-
tomies are independent predictors of POV in children.

Regarding antiemetics, it appears that efficacy is 
comparable to that known for adults. Few thoroughly 
conducted dose-response studies for antiemetics exist 
in adults and even fewer have been conducted in chil-
dren. Thus, most pediatric doses are arbitrarily set at 
approximately 1/50th to 1/25th of the common adult per  
kilogram dose.

POSTDISCHARGE NAUSEA AND VOMITING

In the United States, more than 60% of surgical proce-
dures are now performed on an outpatient basis (ambu-
latory surgery). In addition to being a major cause of 
delayed discharge and unanticipated readmissions, PONV 
may also pose a significant problem to the patient after 
discharge (see also Chapter 89).200,201 In fact, PDNV may 
be of particular concern because it occurs when patients 
no longer have immediate access to intravenous rescue 
treatment, and oral medications may be intolerable. A 
large multicenter trial in patients undergoing general 
anesthesia for ambulatory surgery in the United States 
found that PDNV affected 37% of patients in the first 
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48 postoperative hours,59 similar to a previous, smaller 
U.S. study that reported that 35% of patients experienced 
PDNV severe enough to delay resumption of their nor-
mal daily activities.202 This prevalence is surprisingly 
high given that ambulatory surgery procedures are gener-
ally less invasive and less extensive than inpatient proce-
dures and therefore require less exposure to perioperative 
triggers of PONV such as inhalational anesthetics and 
opioids. The multicenter trial identified five independent 
predictors of PDNV, namely female gender, age less than 
50 years, history of PONV after previous anesthesia, opi-
oid administration in the PACU, and nausea in the PACU 
(see also the earlier section on risk assessment).59 There-
fore, as for PONV, the patient’s risk for PDNV can be eas-
ily assessed using a simplified predictive risk score.59

Interestingly, the RRR of antiemetics seems to be simi-
lar for PDNV and for PONV. For example, according to 
a systematic review from Gupta and colleagues, the RR 
for postdischarge nausea is 0.77 for 4 mg of ondansetron, 
0.68 for more than 1 mg of droperidol, and 0.55 for dexa-
methasone.203 Shorter-acting drugs are not as effective, 
especially when they are used at the minimally effective 
dose, and antiemetics with a longer duration of action 
appear favorable. Furthermore, although a trial in more 
than 2000 patients confirmed that dexamethasone can 
significantly reduce the incidence of PDNV, ondansetron 
was found to have no effect.59 Therefore, dexametha-
sone, scopolamine (because of the sustained release of 
the patch), palonosetron, and aprepitant may be reason-
able first choices for the prevention of PDNV. Of course, 
further studies, especially with the novel compounds, are 
needed to support this hypothesis.

RESCUE TREATMENT

Although numerous studies have investigated anti-
emetics for the prevention of PONV, relatively few have 
addressed their use for rescue treatment of established 
PONV. In fact, when Kazemi-Kjellberg and Tramer 
and their co-workers conducted a quantitative system-
atic review of rescue treatments for established nausea 
and vomiting, only 18 randomized placebo-controlled 
trials met inclusion criteria.204 These investigators 
reported an absolute risk reduction between 20% and 
30%, consistent with the 20% to 30% RRR known for 
the prevention of PONV in large trials74 (in studies of 
rescue treatment, absolute risk reduction and RRR are 
equivalent measures because all patients who receive 
treatment have prior symptoms). In fact, Scuderi and 
colleagues demonstrated that early rescue treatment of 
PONV results in outcomes including time to discharge, 
unanticipated admission, and time to return to nor-
mal daily activities that are similar to those achieved 
with routine prophylactic treatment.103 This finding 
does not, however, account for patients’ comfort, even 
though this may be difficult to measure in terms of 
patients’ satisfaction.

With regard to dosage, early rescue treatment with 
1 mg of ondansetron seems to have comparable effi-
cacy and better effectiveness than 4 mg of prophylactic 
ondansetron.205,206 Thus only one-quarter dose is needed 
for rescue compared with preventive treatment.
Serotonin antagonists are not only the most com-
monly used antiemetics for prevention but also the most 
commonly used antiemetics for rescue treatment.207 One 
reason may be that serotonin antagonists are currently 
the only class of intravenously available antiemetics that 
may have a rapid onset for rescue treatment without 
having sedative side effects. As previously mentioned, 
serotonin antagonists are highly selective and tend to 
block almost all available receptors. Therefore, once 
ondansetron is used for prophylaxis, subsequent use for 
rescue treatment in the PACU is ineffective.208 Neverthe-
less, ondansetron is still commonly used as first-line res-
cue treatment after previous prophylaxis, even though 
this practice is contrary to both theoretical consider-
ations and available evidence. Similarly, use of rescue 
granisetron, another serotonin antagonist, is ineffec-
tive in patients who have already received ondansetron 
for PONV prevention.209 Therefore, as a rule of thumb, 
after administering an antiemetic, it is most effective to 
choose an antiemetic of another class for later rescue 
treatment. This recommendation is corroborated by a 
secondary analysis showing that after prophylaxis with 
either ondansetron and droperidol, promethazine res-
cue treatment is significantly more effective than repeat 
dosing with the same agent.210

Dexamethasone has been shown to be as effective as 
ondansetron for the prevention of PONV.74 Clinically, it 
appears to have a fairly slow onset, as supported by obser-
vations that it has better efficacy when it is given at the 
beginning than at the end of the procedure.168 Neverthe-
less, Rusch and associates were able to show that adding 
dexamethasone to either ondansetron or haloperidol 
for rescue treatment increases the overall RRR during a 
24-hour period.211

In conclusion, drugs for rescue treatment appear to 
have the same efficacy and thus better effectiveness com-
pared with their use for prevention. In addition, lower 
doses are needed for rescue treatment than for preven-
tion, and it is preferable to administer drugs that have not 
been previously used.

A RATIONAL GUIDELINE FOR THE 
MANAGEMENT OF POSTOPERATIVE 
NAUSEA AND VOMITING

The wealth of published information poses a challenge 
for the anesthesia provider who wants to develop a 
comprehensive and valid strategy for the prevention 
and treatment of PONV. To this end, consensus guide-
lines have been developed. However, the fact that a 
group of individuals agrees or compromises on a cer-
tain content or wording does not guarantee infallibility. 
For example, some guidelines report the NNT for vari-
ous interventions as if this would allow a comparison 
of drug efficacy among trials even though that would 
not be sound methodologically (see the earlier discus-
sion to appreciate the difference between efficacy and 
effectiveness).

Therefore, instead of summarizing various consensus 
guidelines, this last section describes a rational approach 
for the prevention and treatment of PONV that is based 
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TABLE 97-4 ALGORITHM FOR THE MANAGEMENT OF POSTOPERATIVE NAUSEA AND VOMITING*

TIVA Preferred
Anticipated 
Rescue 1 Risk Factor 2 Risk Factors 3 Risk Factors 4 Risk Factors

Inpatients Yes Ondansetron Dex +TIVA +D2-RA +Aprep
Non-5-HT3 Dex +TIVA +Ond +Aprep

No Ondansetron Dex +D2-RA +Aprep +TIVA
Non-5-HT3 Dex +Ond +Aprep +TIVA

TIVA preferred
Anticipated 
Rescue 1 Risk Factor 2 Risk Factors 3 Risk Factors

4 to 5 Risk 
Factors

Outpatients Yes Palo Dex +TIVA+TDS +D2-RA +Aprep
Non-5-HT3 Dex +TIVA+TDS +Palo +Aprep

No Palo Dex +TDS +Aprep +TIVA
Non-5-HT3 Dex +TDS +Palo +Aprep

Aprep, Aprepitant; D2, dopamine-2; dex, dexamethasone; 5-HT3, 5-hydroxytryptamine 3 (serotonin); Ond, ondansetron; Palo, palonosetron; RA, receptor 
antagonist; TDS, transdermal scopolamine; TIVA, total intravenous anesthesia.

*Recommended prophylactic strategy based on patient’s risk, inpatient or outpatient status, anticipated rescue treatment, and the preference of the 
anesthesia provider regarding total intravenous anesthesia.
on the current knowledge and understanding outlined in 
this chapter. This approach should be taken as a guide for 
clinicians but not as a rigid rule because other similarly 
valid approaches certainly exist. To this end, the rule of 
three would be helpful: (1) assess the need for preven-
tion, (2) titrate preventive measures (that includes a mod-
ification of the anesthetic technique) according to the 
patient’s need, and (3) follow up on your patient and use 
rescue treatment immediately, by targeting mechanisms 
that have not been tried before.

CONSIDER THE IMPORTANCE OF 
PREVENTION

This consideration is influenced by the patient’s risk for 
PONV, the potential medical problem associated with it, 
and the perspective and values of both the patient and 
the health care provider. It is advisable to estimate the 
patient’s risk by using a risk score, such as the score from 
Apfel and associates or Koivuranta and colleagues for 
adults and the score from Eberhart and co-workers for 
children.4,5,67 Even though these scores are far from being 
perfect, they provide a better prediction compared with 
the history of PONV or the type of surgical procedure.38

TITRATE TO THE PATIENT’S NEEDS

Patients With Limited Need for Preventive 
Measures
In general, the use of prophylactic antiemetics is rarely 
justified when the patient’s risk is low (e.g., 10% to 20%) 
(Table 97-4).74 The reasons are that antiemetics have low 
effectiveness at low risk, so that many patients need to be 
treated for one patient to benefit, and low-risk patients 
are unnecessarily exposed to an antiemetic that may 
have—even rare—associated side effects (e.g., sedation, 
headache, QT prolongations, torsades de pointes). How-
ever, as mentioned earlier, the use of these drugs may 
be justified if this is a patient’s preference or if concerns 
exist about medical or surgical complications related to 
vomiting.
Patients Who Require Some Preventive 
Measures
In patients at moderate risk, one or two antiemetic mea-
sures are often appropriate, but these do not need to be 
antiemetic drugs. One approach could be TIVA (with 
propofol, air, and fentanyl) and/or the use of 4 mg of 
dexamethasone after the induction of anesthesia supple-
mented with measures to minimize opioid consumption 
(NSAIDs, lidocaine, low-dose ketamine).

PATIENTS IN WHOM SIGNIFICANT 
PREVENTIVE MEASURES SHOULD BE 
UNDERTAKEN

In patients at high or very high risk, avoidance of gen-
eral anesthesia and minimization of perioperative opi-
oids may comprise the most effective approach (e.g., 
peripheral nerve block, spinal anesthesia).116 However, 
if a general anesthetic regimen is needed, a TIVA with 
4 mg of dexamethasone74 and an additional antiemetic 
(e.g., 12.5 to 25 mg of promethazine, 31.25 to 62.5 mg of 
dimenhydrinate, or 25 to 50 mg of metoclopramide) can 
be recommended. Which partner drug to choose is most 
likely not relevant because most drugs appear similarly 
effective,111 and indirect evidence suggests that interven-
tions with different mechanisms are additive (i.e., they 
work independently).74 Of course, TIVA could be sub-
stituted for an inhaled anesthetic in conjunction with 
an antiemetic, but this eliminates one rescue treatment 
option should PONV occur in the PACU. This is particu-
larly true for the use of a serotonin antagonist, which 
may otherwise be an effective rescue option without 
sedative side effects.

RESCUE WITHOUT DELAY

Options for rescue treatment are interventions that have 
not been applied before or when the half-life suggests 
that the intervention is no longer active.208 Serotonin 
antagonists, if not given in the operating room, may be a 
first choice in the PACU because of their lack of sedative 
side effects. Moreover, the addition of dexamethasone to 
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dolasetron or haloperidol could increase the overall risk 
reduction for rescue treatment (again, if the drug has not 
been given before).211 Finally, stimulation of the P6 acu-
pressure point may be another option, given that its effi-
cacy has been demonstrated for the prevention of PONV.
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Acute Postoperative Pain
ROBERT W. HURLEY • JAMIE D. MURPHY • CHRISTOPHER L. WU

K e y  P o i n t s

 •  Nociception is a dynamic process (i.e., neuroplasticity) with multiple points 
of modulation. Persistent noxious input may result in relatively rapid neuronal 
sensitization and possibly persistent pain.

 •  Postoperative pain, especially when poorly controlled, results in harmful acute 
effects (i.e., adverse physiologic responses) and chronic effects (i.e., delayed long-
term recovery and chronic pain).

 •  By preventing central sensitization, preventive analgesia may reduce acute and 
chronic pain. Although studies overwhelmingly support the concept of preemptive 
analgesia, the evidence from clinical trials is equivocal because of methodologic 
issues.

 •  By allowing individual titration of analgesic drugs, use of patient-controlled 
anesthesia (oral, subcutaneous, iontophoretic, intravenous, paravertebral, or 
epidural) may provide several advantages over traditional provider-administered 
analgesia (e.g., intramuscular or intermittent intravenous injections) in the 
management of postoperative pain.

 •  The incidence of respiratory depression from opioids is not significantly different 
among the various routes of administration (i.e., oral, intravenous versus 
intramuscular versus subcutaneous versus neuraxial). Appropriate monitoring of 
patients receiving opioid analgesics is essential to detect those with opioid-related 
side effects, such as respiratory depression.

 •  Judicious use of adjuvant drugs, such as nonsteroidal antiinflammatory drugs 
(NSAIDs), acetaminophen, clonidine, ketamine, and gabapentinoids, may 
improve postoperative analgesia and potentially diminish analgesic-related side 
effects.

 •  When compared with systemic opioids, perioperative epidural analgesia may 
confer several advantages, including a facilitated return of gastrointestinal function 
and decrease in the incidence of pulmonary complications, coagulation-related 
adverse events, and cardiovascular events, especially in higher-risk patients or 
procedures. However, the risks and benefits of epidural analgesia should be 
evaluated for each patient, and appropriate monitoring protocols should be used 
during postoperative epidural analgesia.

 •  Epidural analgesia is not a generic entity. Perioperative morbidity may vary based 
on different catheter locations (catheter-incision congruent versus catheter-incision 
incongruent), durations of postoperative analgesia, and analgesic regimens (local 
anesthetics versus opioids).

 •  Postoperative pain management should be tailored to the needs of special 
populations (e.g., opioid-tolerant, pediatric, and obese patients, as well as those 
with obstructive sleep apnea) who may have different anatomic, physiologic, 
pharmacologic, or psychosocial issues.
974



FUNDAMENTAL CONSIDERATIONS

A revolution in the management of acute postoperative 
pain has occurred during the past 4 decades. Widespread 
recognition of the undertreatment of acute pain by clini-
cians, economists, and health policy experts has led to 
the development of a national clinical practice guideline 
for management of acute pain by the Agency for Health-
care Quality and Research (formerly the Agency for 
Health Care Policy and Research) of the U.S. Department 
of Health and Human Services.1 This landmark document 
includes acknowledgment of the historical inadequacies 
in perioperative pain management, importance of good 
pain control, need for accountability for adequate provi-
sion of perioperative analgesia by health care institutions, 
and a statement on the need for involvement of special-
ists in appropriate cases. In addition, several professional 
societies (e.g., American Society of Anesthesiologists, 
The Joint Commission) have developed clinical practice 
guidelines for acute pain management or provided new 
pain management standards.

With their knowledge of and familiarity with pharma-
cology, various regional anesthesia techniques, and the 
neurobiology of nociception, anesthesiologists are promi-
nently associated with the clinical and research advances 
in acute postoperative pain management. Anesthesiolo-
gists developed the concept of acute postoperative pain 
services (inpatient pain services), application of evidence-
based practice to acute postoperative pain, and creation 
of innovative approaches to acute pain medicine, all of 
which are a natural part of the anesthesiologist’s func-
tions as a “perioperative physician,” consultant, and 
therapist throughout an institution, as well as a highly 
skilled expert in the operating room. Provision of effec-
tive analgesia for surgical and other medical patients is 
an important component of this multidimensional role. 
An area that is often lacking in the acute perioperative 
pain services is the management of patients with acute 
surgical pain in addition to a baseline chronic pain. These 
patients are often not well served by the arbitrary distinc-
tion of “acute versus chronic” pain services in hospitals. 
Anesthesiologists are well trained to manage acute pain in 
the patient with concomitant chronic pain as a result of 
the strength of chronic pain curricula in current anesthe-
siology training programs. Although this chapter focuses 
on the patient who has acute perioperative pain, acute 
management of chronic pain in the hospitalized setting 
is also discussed.

PAIN PATHWAYS AND THE NEUROBIOLOGY 
OF NOCICEPTION

Surgery produces tissue injury with consequent release 
of histamine and inflammatory mediators such as pep-
tides (e.g., bradykinin), lipids (e.g., prostaglandins), neu-
rotransmitters (e.g., serotonin), and neurotrophins (e.g., 
nerve growth factor).2 Release of inflammatory mediators 
activates peripheral nociceptors, which initiate transduc-
tion and transmission of nociceptive information to the 
central nervous system (CNS) and the process of neu-
rogenic inflammation, in which release of neurotrans-
mitters (i.e., substance P and calcitonin gene–related 
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eptide) in the periphery induces vasodilatation and 
lasma extravasation.2 Noxious stimuli are transduced by 
eripheral nociceptors and transmitted by A-delta and C 
erve fibers from peripheral visceral and somatic sites to 

he dorsal horn of the spinal cord, where integration of 
eripheral nociceptive and descending modulatory input 
i.e., serotonin, norepinephrine, γ-aminobutyric acid, 
nkephalin) occurs. Further transmission of nociceptive 
nformation is determined by complex modulating influ-
nces in the spinal cord. Some impulses pass to the ven-
ral and ventrolateral horns to initiate segmental (spinal) 
eflex responses, which may be associated with increased 
keletal muscle tone, inhibition of phrenic nerve func-
ion, or even decreased gastrointestinal motility. Others 
re transmitted to higher centers through the spinotha-
amic and spinoreticular tracts, where they induce supra-
egmental and cortical responses to ultimately produce 
he perception of and affective component of pain.

Continuous release of inflammatory mediators in the 
eriphery sensitizes functional nociceptors and activates 
ormant ones. Sensitization of peripheral nociceptors 
ay occur and is marked by a decreased threshold for acti-

ation, increased rate of discharge with activation, and 
ncreased rate of basal (spontaneous) discharge. Intense 
oxious input from the periphery may also result in cen-

ral sensitization (“persistent postinjury changes in the 
NS that result in pain hypersensitivity”3) and hyperex-
itability (“exaggerated and prolonged responsiveness of 
eurons to normal afferent input after tissue damage”3). 
uch noxious input may lead to functional changes in the 
orsal horn of the spinal cord and other consequences 
hat may later cause postoperative pain to be perceived 
s more painful than it would otherwise have been. The 
eural circuitry in the dorsal horn is extremely complex, 
nd we are just beginning to elucidate the specific role of 
he various neurotransmitters and receptors in the process 
f nociception.2 However, it seems that certain receptors 
e.g., N-methyl-d-aspartate [NMDA]) may be especially 
mportant for the development of chronic pain after an 
cute injury, although other neurotransmitters or second 
essenger effectors (e.g., substance P, protein kinase C) 
ay also play important roles in spinal cord sensitization 

nd chronic pain. Our understanding of the neurobiol-
gy of nociception has progressed from the hard-wired 
ystem proposed by Descartes in the 17th century to the 
urrent view of neuroplasticity in which dynamic inte-
ration and modulation of nociceptive transmission take 
lace at several levels. However, many gaps still exist in 
ur knowledge of the specific roles of various receptors, 
eurotransmitters, and molecular structures in the pro-
ess of nociception.

An understanding of the neurobiology of nociception 
s important for appreciating the transition from acute 
o chronic pain. The traditional dichotomy between 
cute and chronic pain is arbitrary because acute pain 
ay quickly transition into chronic pain.4 Noxious 

timuli can produce expression of new genes (which are 
he basis for neuronal sensitization) in the dorsal horn 
f the spinal cord within 1 hour, and these changes are 
ufficient to alter behavior within the same time frame.5 
lso, the intensity of acute postoperative pain is a sig-
ificant predictor of chronic postoperative pain.6 Control 
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of perioperative pain (e.g., preventive analgesia) and the 
manner in which it is implemented (e.g., multimodality 
perioperative management) may be important in facili-
tating short- and long-term patient convalescence after 
surgery.

ACUTE AND CHRONIC EFFECTS OF 
POSTOPERATIVE PAIN

Uncontrolled postoperative pain may produce a range of 
detrimental acute and chronic effects. The attenuation 
of perioperative pathophysiology that occurs during sur-
gery through reduction of nociceptive input to the CNS 
and optimization of perioperative analgesia may decrease 
complications and facilitate recovery during the imme-
diate postoperative period7 and after discharge from the 
hospital.

Acute Effects
The perioperative period has a variety of pathophysiologic 
responses that may be initiated or maintained by nocicep-
tive input. At one time these responses may have had a ben-
eficial teleological purpose; however, the same response to 
the iatrogenic nature of modern-day surgery may be harm-
ful. Uncontrolled perioperative pain may enhance some of 
these perioperative pathophysiologies and increase patient 
morbidity and mortality. Attenuation of postoperative 
pain, especially with certain types of analgesic regimens, 
may decrease perioperative morbidity and mortality.

Transmission of nociceptive stimuli from the periphery 
to the CNS results in the neuroendocrine stress response, 
a combination of local inflammatory substances (e.g., 
cytokines, prostaglandins, leukotrienes, tumor necrosis 
factor-α) and systemic mediators of the neuroendocrine 
response. The dominant neuroendocrine responses to 
pain involve hypothalamic-pituitary-adrenocortical and 
sympathoadrenal interactions. Suprasegmental reflex 
responses to pain result in increased sympathetic tone, 
increased catecholamine and catabolic hormone secretion 
(e.g., cortisol, adrenocorticotropic hormone, antidiuretic 
hormone, glucagon, aldosterone, renin, angiotensin II), 
and decreased secretion of anabolic hormones.8 The 
effects include sodium and water retention and increased 
levels of blood glucose, free fatty acids, ketone bodies, 
and lactate. A hypermetabolic, catabolic state occurs as 
metabolism and oxygen consumption are increased and 
metabolic substrates are mobilized from storage depots.8 
The extent of the stress response is influenced by many 
factors, including the type of anesthesia and intensity of 
the surgical injury, with the extent of the stress response 
being proportional to the degree of surgical trauma.9 The 
negative nitrogen balance and protein catabolism may 
impede convalescence; however, attenuation of the stress 
response and postoperative pain may facilitate and accel-
erate the patient’s recovery postoperatively.

The neuroendocrine stress response may enhance det-
rimental physiologic effects in other areas of the body. 
The stress response is likely a factor in the postoperative 
development of hypercoagulability. Enhancement of 
coagulation (i.e., decreased levels of natural anticoagu-
lants and increased levels of procoagulants), inhibition of 
fibrinolysis, and increased platelet reactivity and plasma 
viscosity may enhance the incidence of postoperative 
hypercoagulable-related events such as deep venous 
thrombosis, vascular graft failure, and myocardial isch-
emia.10 The stress response may also enhance postopera-
tive immunosuppression, the extent of which correlates 
with the severity of surgical injury.4 Hyperglycemia from 
the stress response may contribute to poor wound heal-
ing and depression of immune function.

Uncontrolled postoperative pain may activate the 
sympathetic nervous system and thereby contribute 
to morbidity or mortality. Sympathetic activation may 
increase myocardial oxygen consumption, which may be 
important in the development of myocardial ischemia 
and infarction,10 and may decrease myocardial oxygen 
supply through coronary vasoconstriction and attenua-
tion of local metabolic coronary vasodilation.11 Activa-
tion of the sympathetic nervous system may also delay 
return of postoperative gastrointestinal motility, which 
may develop into paralytic ileus. Although postoperative 
ileus is the result of a combination of inhibitory input 
from central and local factors,10,11 an increase in sympa-
thetic efferent activity, such as from uncontrolled pain, 
may decrease gastrointestinal activity and delay return of 
gastrointestinal function.

Nociceptors are activated after surgical trauma and 
may initiate several detrimental spinal reflex arcs. Post-
operative respiratory function is markedly decreased, 
especially after upper abdominal and thoracic surgery. 
Spinal reflex inhibition of phrenic nerve activity is an 
important component of this decreased postoperative 
pulmonary function.10 However, patients with poor 
postoperative pain control may breathe less deeply, 
have an inadequate cough, and be more susceptible to 
the development of postoperative pulmonary complica-
tions.11 Activation of nociceptors may also initiate spinal 
reflex inhibition of gastrointestinal tract function and 
delay return of gastrointestinal motility.10

Many detrimental postoperative pathophysiologic 
effects can occur in the perioperative period and can acti-
vate nociceptors and the stress response. Uncontrolled 
pain may activate the sympathetic nervous system, 
which can cause a variety of potentially harmful physi-
ologic responses that may adversely increase morbidity 
and mortality. Nociceptor activation may also result in 
several detrimental inhibitory spinal reflexes. Control 
of the pathophysiologic processes associated with acute 
postoperative pain may attenuate the stress response, 
sympathetic outflow, and inhibitory spinal reflexes and 
contribute to improvements in morbidity, mortality, and 
patient-reported outcomes (e.g., health-related quality of 
life [HRQL], patient satisfaction).10

Chronic Effects
Chronic postsurgical pain (CPSP) is a largely unrecognized 
problem that may occur in 10% to 65% of postoperative 
patients (depending on the type of surgery), with 2% to 
10% of these patients experiencing severe CPSP.12 Poorly 
controlled acute postoperative pain is an important predic-
tive factor in the development of CPSP.6,13 The transition 
from acute to chronic pain occurs very quickly, and long-
term behavioral and neurobiologic changes occur much 
sooner than was previously thought.4 CPSP is relatively 



common after procedures such as limb amputation (30% 
to 83%), thoracotomy (22% to 67%), sternotomy (27%), 
breast surgery (11% to 57%), and gallbladder surgery (up 
to 56%).6 Although the severity of acute postoperative 
pain may be an important predictor in the development 
of CPSP,6 a causal relationship has not been definitively 
established, and other factors (e.g., area of postopera-
tive hyperalgesia) may be more important in predicting 
the development of CPSP.14 One such factor may be the 
severity of the patient’s preoperative pain. Patients with 
more intense levels of preoperative pain may also develop 
a degree of CNS sensitization predisposing them to the 
increased likelihood of higher postoperative pain and the 
subsequent development of chronic pain.14 Thus, it is 
important that acute pain service clinicians understand 
chronic pain conditions and involve themselves in the 
patient’s preoperative care. The increased involvement of 
the acute pain medicine team in preoperative anesthesia 
clinics or services can positively attenuate the incidence 
and severity of postoperative pain.

Control of acute postoperative pain may improve 
long-term recovery or patient-reported outcomes (e.g., 
quality of life). Patients whose pain is controlled in the 
early postoperative period (especially with the use of con-
tinuous epidural or peripheral catheter techniques) may 
be able to actively participate in postoperative rehabilita-
tion, which may improve short- and long-term recovery 
after surgery.15 Optimizing treatment of acute postop-
erative pain can improve health-related quality of life 
(HRQL).16 Postoperative chronic pain that develops as a 
result of poor postoperative pain control may interfere 
with patients’ activities of daily living.

PREVENTIVE ANALGESIA

The older terminology of “preemptive” analgesia referred 
to an analgesic intervention that preceded a surgical 
injury and was more effective in relieving acute postop-
erative pain than the same treatment following surgery. 
The precise definition of preemptive analgesia is one of 
the major controversies in this area of medicine and con-
tributes to the question of whether preemptive analgesia 
is clinically relevant. Definitions of preemptive analgesia 
include what is administered before the surgical incision, 
what prevents the establishment of central sensitization 
resulting from incisional injury only (i.e., intraoperative 
period), what prevents central sensitization resulting 
from incisional and inflammatory injury (i.e., intraop-
erative and postoperative periods), or the entire periop-
erative period encompassing preoperative interventions, 
intraoperative analgesia, and postoperative pain manage-
ment (i.e., preventive analgesia).3 The first two defini-
tions are relatively narrow and may contribute to the lack 
of a detectable effect of preemptive analgesia in clinical 
trials. The rationale for preemptive analgesia was based 
on the inhibition of the development of central sensi-
tization. Effectively, noxious input initiated by surgical 
procedures induced a state of CNS hyperactivity that 
accentuated pain. Although a very popular and discussed 
theory, a single analgesic treatment (either peripheral or 
neuraxial) before the incision does not reduce postopera-
tive pain behaviors beyond the expected duration of the 
Chapter 98: Acute Postoperative Pain 2977

analgesic effect.17 When the block of nociceptive affer-
ents diminishes, the surgical injury is able to reinitiate 
central sensitization. Clinical trials have been negative.18 
For these reasons, this terminology has been abandoned.

As stated previously, intense noxious input (e.g., post-
operative pain from the periphery) can change the CNS 
(i.e., central sensitization) to induce pain hypersensitiv-
ity and hyperexcitability (i.e., exaggerated and prolonged 
responsiveness of neurons to normal afferent input after 
tissue damage). Preventive analgesia is aimed at inhibit-
ing the development of this type of chronic pain. This 
definition broadly includes any regimen given at any 
time during the perioperative period that is able to con-
trol pain-induced sensitization. Central sensitization and 
hyperexcitability can develop after the surgical incision 
in a patient who has no history of preoperative pain.

In contrast, some patients may already have existing 
acute or chronic pain and developed central sensitization 
before the surgical incision. These patients with preexist-
ing pain may have even more intense pain in the postop-
erative period. This augmentation of already preexisting 
pain can occur in acutely hospitalized patients and even 
in those patients in subacute or chronic outpatient set-
tings. Preventing the establishment of altered central pro-
cessing by analgesic treatment may result in short-term 
(e.g., reduction in postoperative pain and accelerated 
recovery) and long-term (e.g., reduction in chronic pain 
and improvement in HRQL16 benefits during a patient’s 
convalescence. Unfortunately, many clinical studies (e.g., 
trials) lack clarity of study design and clear terminology 
of preemptive versus preventative analgesia.18,19

Timing of the intervention18 may not be as clinically 
important as other aspects of preventive analgesia (i.e., 
intensity and duration of the intervention). An interven-
tion administered before the surgical incision is not pre-
ventative if it is incomplete or insufficient (i.e., central 
sensitization is not prevented). Incisional and inflamma-
tory injuries are important in initiating and maintaining 
central sensitization. Confining the definition of preven-
tative analgesia to only the intraoperative (incisional) 
period is not relevant or appropriate because the inflam-
matory response lasts well into the postoperative period 
and continues to maintain central sensitization.

Maximal clinical benefit is observed when complete 
multisegmental blockade of noxious stimuli occurs, with 
extension of this effect into the postoperative period. Pre-
venting central sensitization with intensive multimodal 
analgesic interventions18 could theoretically reduce the 
intensity or even eliminate acute postoperative pain/
hyperalgesia and chronic pain after surgery.6

MULTIMODAL APPROACH TO 
PERIOPERATIVE RECOVERY

The analgesic benefits of controlling postoperative pain 
are generally maximized when a multimodal strategy to 
facilitate the patient’s convalescence is implemented. 
Yet postoperative pain treatment may not provide 
major improvements in some outcomes because it is 
unlikely that a unimodal intervention can be effective 
in addressing a complex problem such as perioperative 
outcomes.7,20 Principles of a multimodal strategy include 
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control of postoperative pain to allow early mobilization, 
early enteral nutrition, education, and attenuation of the 
perioperative stress response through the use of regional 
anesthetic techniques7 and a combination of analgesic 
drugs (i.e., multimodal analgesia). Despite the widely 
publicized case of academic fraud that included21 many 
published articles on multimodal analgesia, subsequent 
carefully performed systematic reviews appeared to be 
robust enough to support its efficacy.22 The use of epi-
dural administered analgesics can provide superior anal-
gesia and physiologic benefits and is therefore an integral 
part of the multimodal approach.

A multimodal approach to perioperative recovery to 
control postoperative pathophysiology and facilitate reha-
bilitation may result in accelerated recovery and decreased 
length of hospitalization.23 Patients undergoing major 
abdominal or thoracic procedures and who participate 
in a multimodal strategy have a reduction in hormonal 
and metabolic stress, preservation of total-body protein, 
shorter times to tracheal extubation, lower pain scores, 
earlier return of bowel function, and earlier fulfillment of 
intensive care unit discharge criteria.23 The multimodal 
approach integrates the most recent data and techniques 
from surgery, anesthesiology, nociceptive neurobiology, 
and pain treatment, making it an extension of clinical 
pathways (Enhanced Recovery After Surgery, or ERAS), or 
“fast tracks,” by revising traditional care programs into 
effective postoperative rehabilitation pathways.23 This 
approach will likely decrease perioperative morbidity, 
decrease the length of hospital stay, and improve patient 
satisfaction without compromising safety. However, 
widespread implementation of these programs requires 
multidisciplinary collaboration, change in the traditional 
principles of postoperative care, additional resources, and 
expansion of the traditional acute pain service, which 
may be limited in the current economic climate.

TREATMENT METHODS

Many options are available for the treatment of post-
operative pain, including systemic (i.e., opioid and 
nonopioid) analgesics and regional (i.e., neuraxial and 
peripheral) analgesic techniques. By considering patients’ 
preferences and making an individualized assessment of 
the risks and benefits of each treatment modality, the cli-
nician can optimize the postoperative analgesic regimen 
for each patient. Essential aspects of postoperative moni-
toring of patients receiving various postoperative analge-
sic treatment methods are listed in Box 98-1.

SYSTEMIC ANALGESIC TECHNIQUES

OPIOIDS

Advantages and Characteristics
Opioid analgesics are one of the cornerstone options for the 
treatment of postoperative pain. They generally exert their 
analgesic effects through μ-receptors in the CNS, although 
opioids may also act at peripheral opioid receptors. A theo-
retical advantage of opioid analgesics is that there is no 
analgesic ceiling. Realistically, the analgesic efficacy of opi-
oids is typically limited by the development of tolerance or 
opioid-related side effects such as nausea, vomiting, seda-
tion, or respiratory depression. Opioids may be adminis-
tered by the subcutaneous, transcutaneous, transmucosal, 
or intramuscular route, but the most common routes of 
postoperative systemic opioid analgesic administration are 
oral and intravenous. Opioids may also be administered at 
specific anatomic sites such as the intrathecal or epidural 
space (see later sections, “Single-Dose Neuraxial Opioids” 
and “Continuous Epidural Analgesia”).

Wide intersubject and intrasubject variability exists in 
the relationship of opioid dose, serum concentration, and 
analgesic response in the treatment of postoperative pain. 
Serum drug concentrations may exhibit wider variability 
with certain routes of administration (e.g., intramuscular) 
than with others (e.g., intravenous). In general, opioids 
are administered parenterally (intravenously or intramus-
cularly) for the treatment of moderate to severe postop-
erative pain, in part because these routes provide a more 
rapid and reliable onset of analgesic action than the oral 
route does. Parenteral opioid administration may be nec-
essary in patients who are unable to tolerate oral intake 
postoperatively. The transition from parenteral to oral 
administration of opioids usually occurs after the patient 

AnAlgesic MedicAtion*

Medication, concentration, and dose of drug
Settings of PCA device: demand dose, lockout interval, continu-

ous infusion
Amount of drug administered (including number of unsuccessful 

and successful doses)
Limits set (e.g., 1- and 4-hour limits on dose administered)
Supplemental or breakthrough analgesics

Routine MonitoRing

Vital signs: temperature, heart rate, blood pressure, respiratory 
rate, average pain score

Pain score at rest and with activity, pain relief
Use of breakthrough medication

side effects

Cardiovascular: hypotension, bradycardia, or tachycardia
Respiratory status: respiratory rate, level of sedation
Nausea and vomiting, pruritus, urinary retention
Neurologic examination
Assessment of motor block or function and sensory level
Evidence of epidural hematoma

instRuctions PRovided

Treatment of side effects
Concurrent use of other CNS depressants
Parameters for triggering notification of the covering physician
Provision of contact information (24 hours/7 days per week) if 

problems occur
Emergency analgesic treatment if the PCA device fails

BOX 98-1 Monitoring and Documentation of 
Postoperative Analgesia

*Postoperative analgesia includes systemic opioids and regional analgesic 
techniques. This list incorporates some of the important elements of 
preprinted orders, documentation, and intravenous PCA and epidural 
analgesia daily care described in the ASA Practice Guidelines for Acute 
Pain Management.24

CNS, Central nervous system; PCA, patient-controlled analgesia.
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TABLE 98-1 INTRAVENOUS PATIENT-CONTROLLED ANALGESIA REGIMENS

Drug Concentration Size of Bolus* Lockout Interval (min) Continuous Infusion

Agonists
Morphine (1 mg/mL)
 Adult 0.5-2.5 mg 5-10 —
 Pediatric 0.01-0.03 mg/kg (max, 0.15 mg/kg/hr) 5-10 0.01-0.03 mg/kg/hr
Fentanyl (0.01 mg/mL)
 Adult 10-20 μg 4-10 —
 Pediatric 0.5-1 μg/kg (max, 4 μg/kg/hr) 5-10 0.5-1 μg/kg/hr
Hydromorphone (0.2 mg/mL)
 Adult 0.05-0.25 mg 5-10 —
 Pediatric 0.003-0.005 mg/kg (max, 0.02 mg/kg/hr) 5-10 0.003-0.005 mg/kg/hr
Alfentanil (0.1 mg/mL) 0.1-0.2 mg 5-8 —
Methadone (1 mg/mL) 0.5-2.5 mg 8-20 —
Oxymorphone (0.25 mg/mL) 0.2-0.4 mg 8-10 —
Sufentanil (0.002 mg/mL) 2-5 μg 4-10 —
Agonist-Antagonists
Buprenorphine (0.03 mg/mL) 0.03-0.1 mg 8-20 —
Nalbuphine (1 mg/mL) 1-5 mg 5-15 —
Pentazocine (10 mg/mL) 5-30 mg 5-15 —

*All doses are for adult patients unless noted otherwise. Units vary across agents for size of the bolus (mg versus mg/kg versus μg versus μg/kg) and 
continuous infusion (mg/kg/hr versus μg/kg/hr). The anesthesiologist should proceed with titrated intravenous loading doses, if necessary, to establish 
initial analgesia. Individual patient requirements vary widely, with smaller doses typically given to older or compromised patients. Continuous infusions 
are not initially recommended for opioid-naive adult patients.
initiates oral intake and postoperative pain has been sta-
bilized with parenteral opioids. Although oral opioids 
(typically formulated as part of a combination product 
that includes an adjuvant such as acetaminophen) are 
generally prescribed on an as-needed (PRN) basis postop-
eratively, there may be a role for sustained-release oral 
opioids, which may provide analgesia superior to that 
with conventional PRN regimens, although further stud-
ies are needed and these medications should be instituted 
on a case-by-case basis.25 Although the traditional form 
(passive) of transdermal fentanyl is not indicated for the 
routine treatment of acute postoperative pain, a newer 
version involving patient-activated electrically facilitated 
delivery of transdermal fentanyl has been developed for 
use in hospitalized adult patients.26

Intravenous Patient-Controlled Analgesia
Various factors, including the aforementioned wide inter-
patient and intrapatient variability in analgesic needs, 
variability in serum drug levels (especially with intramus-
cular injection), and administrative delays, may contrib-
ute to inadequate postoperative analgesia. A traditional 
PRN analgesic regimen probably cannot compensate for 
these limitations. By circumventing some of these issues, 
intravenous patient-controlled analgesia (PCA) optimizes 
delivery of analgesic opioids and minimizes the effects 
of pharmacokinetic and pharmacodynamic variability 
in individual patients. Intravenous PCA is based on the 
premise that a negative-feedback loop exists; when pain 
is experienced, analgesic medication is self-administered, 
and when pain is reduced, there are no further demands. 
When the negative-feedback loop is violated, excessive 
sedation or respiratory depression may occur.27 Although 
some equipment-related malfunctions can occur, the PCA 
device itself is relatively free of problems, and most prob-
lems related to PCA use result from user or operator error.28
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A PCA device can be programmed for several variables, 
cluding the demand (bolus) dose, lockout interval, and 

ackground infusion (Table 98-1). An optimal demand or 
olus dose is integral to the efficacy of intravenous PCA 
ecause an insufficient demand dose may result in inad-
quate analgesia, whereas an excessive demand dose may 
sult in a higher incidence of undesirable side effects such 

s respiratory depression.27 Although the optimal demand 
ose is uncertain, the data available suggest that the opti-
al demand dose is 1 mg for morphine and 40 μg for fen-
nyl in opioid-naive patients; however, the actual dose 
r fentanyl (10 to 20 μg) is often less in clinical practice.28 

he lockout interval may also affect the analgesic efficacy 
f intravenous PCA. A lockout interval that is too long 
ay result in inadequate analgesia and decrease the effec-
veness of intravenous PCA. A lockout interval that is too 
hort allows the patient to self-administer another demand 
ose before feeling the full analgesic effect of the previous 
ose and thus may contribute to an increase in medica-
on-related side effects. In essence, the lockout interval 
 a safety feature of intravenous PCA, and although the 
ptimal lockout interval is unknown, most intervals range 
om 5 to 10 minutes, depending on the medication in the 
CA pump; varying the interval within this range appears 
 have no effect on analgesia or side effects.28

Most PCA devices allow administration of a continuous 
r background infusion in addition to the demand dose. 
itially, routine use of a background infusion predicted 

ertain advantages, including improved analgesia, espe-
ially during sleep; however, analgesic benefits of a back-
round infusion have not been successful in opioid-naive 
atients. A background infusion only increases the anal-
esic dosage used and the incidence of adverse respiratory 
vents in the postoperative period especially in adult sub-
cts. Furthermore, use of a nighttime background infusion 
oes not improve postoperative sleep patterns, analgesia, 
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or recovery profiles.29 Although routine use of continuous 
or background infusion as part of intravenous PCA in adult 
opioid-naive patients is not recommended, a background 
infusion in opioid-tolerant or pediatric patients may be 
effective (see later sections, “Opioid-Tolerant Patients” and 
“Pediatric Patients”).

When compared with traditional PRN analgesic regi-
mens, intravenous PCA provides superior postoperative 
analgesia and improves patient satisfaction, but the pres-
ence of economic benefits is not clear.30 A meta-analysis 
revealed that intravenous PCA (versus as-needed opi-
oids) provides significantly better analgesia and patient 
satisfaction; however, these patients used more opioids 
and had more frequent incidence of pruritus than those 
treated with PRN opioids, although no difference was 
seen in the incidence of adverse events.30 With regard 
to economic outcomes, whether intravenous PCA is less 
expensive than traditional PRN intramuscular opioid 
administration is not clear because the calculations of 
cost are complex.

Intravenous PCA may provide advantages when assess-
ing other patient-related outcomes such as patient satis-
faction; these outcomes have become more important 
because health care organizations use them as a mea-
sure of quality and a tool for marketing purposes (also 
see Chapter 6). Patients usually prefer intravenous PCA 
over intravenously, intramuscularly, or subcutaneously 
administered PRN opioids. Greater patient satisfaction 
with intravenous PCA may be the result of superior anal-
gesia and perceived control over the administration of 
analgesic medications and avoidance of disclosing pain 
or securing analgesic medication from nurses; however, 
the reasons for patient satisfaction are complex and many 
factors may contribute to or predict satisfaction with 
intravenous PCA. Although intravenous PCA use cre-
ates better satisfaction overall, the proper assessment of 
patient satisfaction can be complex.31

The incidence of opioid-related adverse events from 
intravenous PCA is not different from that of PRN opi-
oids administered intravenously, intramuscularly, or 
subcutaneously. The rate of respiratory depression associ-
ated with intravenous PCA is infrequent (approximately 
1.5%) and is not more frequent than that with PRN 
systemic or neuraxial opioids.32 Factors that may influ-
ence the frequency and intensity of respiratory depres-
sion with intravenous PCA include use of a background 
infusion, advanced age, concomitant administration of 
sedative or hypnotic drugs, and coexisting pulmonary 
disease such as obstructive sleep apnea.33 Intravenous 
PCA–related respiratory depression may also be caused by 
errors in programming or administration (i.e., operator  
error).34

NONOPIOIDS

Nonsteroidal Antiinflammatory Agents
Nonsteroidal antiinflammatory drugs (NSAIDs), which 
include aspirin and acetaminophen, consist of a diverse 
group of analgesic compounds with different pharma-
cokinetic properties. The primary mechanism by which 
NSAIDs exert their analgesic effect is through inhibition 
of cyclooxygenase (COX) and synthesis of prostaglan-
dins, which are important mediators of peripheral sensiti-
zation and hyperalgesia. In addition to being peripherally 
acting analgesics, NSAIDs can also exert their analgesic 
effects through inhibition of spinal COX.35 The discov-
ery of at least two COX isoforms (i.e., COX-1 is consti-
tutive and COX-2 is inducible) with different functions 
(i.e., COX-1 participates in platelet aggregation, hemo-
stasis, and gastric mucosal protection, whereas COX-2 
participates in pain, inflammation, and fever) has led to 
the development of selective COX-2 inhibitors that differ 
from traditional NSAIDs, which block both COX-1 and 
COX-2.36 The discovery of a COX-3 variant may represent 
a primary central mechanism by which acetaminophen 
and other antipyretics decrease pain and fever; however, 
the precise relationship between COX-3 and acetamino-
phen is still uncertain.37

NSAIDs given alone generally provide effective anal-
gesia for mild to moderate pain. NSAIDs are also tradi-
tionally considered a useful adjunct to opioids for the 
treatment of moderate to severe pain. Yet some quantita-
tive, systematic reviews suggest that NSAIDs, alone or in 
combination with opioids, may be more beneficial than 
previously thought (Table 98-2 and Fig. 98-1). NSAIDs 
may be administered orally or parenterally and are par-
ticularly useful as components of a multimodal analge-
sic regimen by producing analgesia through a different 

TABLE 98-2 RELATIVE EFFICACY OF SINGLE-DOSE 
ANALGESICS IN PROVIDING GREATER THAN 50% 
RELIEF OF MODERATE TO SEVERE POSTOPERATIVE 
PAIN

Drug* Mean NNT† 95% CI

Acetaminophen (1000 mg PO) 3.8 3.4-4.4
Aspirin (600 to 650 mg PO) 4.4 4.0-4.9
Aspirin (1000 mg PO) 4.0 3.2-5.4
Diclofenac (50 mg PO) 2.3 2.0-2.7
Diclofenac (100 mg PO) 1.9 1.6-2.2
Ibuprofen (600 mg PO) 2.4 1.9-3.3
Ketorolac (10 mg PO) 2.6 2.3-3.1
Ketorolac (30 mg IM) 3.4 2.5-4.9
Naproxen (550 mg PO) 2.7 2.3-3.3
Celebrex (200 mg PO) 3.5 2.9-4.4
Celebrex (400 mg PO) 2.1 1.8-2.5
Tramadol (100 mg PO) 4.8 3.8-6.1
Gabapentin (600 mg PO) 11 6.0-35
Codeine (60 mg) acetaminophen  

(600 to 650 mg PO)
4.2 3.4-5.3

Oxycodone (5 mg) acetaminophen 
(325 mg PO)

2.5 2.0-3.2

Codeine (60 mg PO) 16.7 11.0-48.0
Morphine (10 mg IM) 2.9 2.6-3.6
Oxycodone (15 mg PO) 2.4 1.5-4.9

CI, Confidence interval; IM, intramuscular; NNT, number needed to treat; 
PO, oral route.

*Data obtained in part and modified from Bandolier with permission. 
Available at http://www.medicine.ox.ac.uk/bandolier/.

†NNT in this case refers to the number of patients who must be treated 
to obtain greater than 50% relief of moderate to severe postopera-
tive pain. NNT conveys statistical and clinical significance, is useful in 
comparing the efficacy of different interventions, and summarizes treat-
ment effects in a clinically relevant manner. A lower mean NNT implies 
greater analgesic efficacy in this example. See Figure 98-1 for a graphic 
presentation of these data.

http://www.medicine.ox.ac.uk/bandolier/
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Number needed to treat (95% CI)

Valdecoxib 40

Valdecoxib 20

Rofecoxib 50

Acetaminophen 1000/codeine 60

Diclofenac 50

Ibuprofen 400

Naproxen 550

Morphine 10 IM

Acetaminophen 1000

Tramadol 100

Aspirin 600/650

1 32 4 5 6 7

Figure 98-1. Number needed to treat (NNT) for at least 50% pain relief in patients with moderate to severe pain. The mean and 95% confidence 
interval (CI) for the NNTs are shown for several opioid and nonopioid analgesics from Table 98-2. The NNTs are derived from trials investigating 
the efficacy of a single dose of nonopioid analgesic versus placebo in providing more than 50% pain relief for moderate to severe postoperative 
pain. Numbers with drug names are doses in mg. (From Bandolier. Available at http://www.medicine.ox.ac.uk/bandolier/.)
mechanism than that of opioids or local anesthetics. Sev-
eral meta-analyses have examined the analgesic efficacy 
of NSAIDs (including COX-2 inhibitors) and acetamin-
ophen when added to intravenous PCA with opioids. 
Surprisingly (and important to note), NSAIDs,38 not acet-
aminophen,39 resulted in a statistically significant (but 
probably not clinically meaningful) reduction in pain 
scores.40,41 Although all regimens significantly decreased 
morphine consumption, only NSAIDs (but not acetamin-
ophen) reduced the risk for the opioid-related side effects 
of nausea, vomiting, and sedation.

Perioperative use of NSAIDs may be associated with 
several side effects, including decreased hemostasis, renal 
dysfunction, and gastrointestinal hemorrhage. Inhibition 
of COX and the formation of prostaglandins cause many 
of the side effects, which mediate many diverse processes 
throughout the body. Decreased hemostasis from NSAID 
use is from platelet dysfunction and inhibition of throm-
boxane A2 (generated by COX-1), an important mediator 
of platelet aggregation and vasoconstriction.42 Evidence 
of the effect of NSAIDs on perioperative bleeding is 
equivocal; a surveillance study of perioperative ketorolac 
administration did not demonstrate a significant increase 
in operative site bleeding. Whether NSAIDs may also have 
a deleterious effect on bone healing and osteogenesis is 
controversial.43 Although NSAIDs have been used follow-
ing acetabular/hip fractures and hip replacement surgery 
to reduce heterotopic ossification, the short-term effects 
of NSAIDs on other skeletal tissues are less clear.44 Two 
recent systematic reviews indicated that when examining 
the highest-quality studies, there was no increased risk of 
nonunion with NSAID exposure. Certainly, a short-term 
NSAID regimen can be used for treatment of postfracture 
pain without significantly increasing the risk of disrupted 
healing.45 A brief (<14 days) exposure to normal-dose 
NSAIDs (e.g., ketorolac <120 mg/day) was safe after spi-
nal fusion; however, use of large-dose ketorolac (>120 
mg/day) increased the risk of nonunion, suggesting a 
dose-dependent effect of perioperative NSAIDs on spinal 
fusion healing.46 Spine surgeons will more commonly err 
on the conservative side and refuse to have postoperative 
spine fusion patients receive NSAIDs.

Perioperative NSAID-induced renal dysfunction may 
occur in high-risk patients, such as those with hypovo-
lemia, abnormal renal function, or abnormal serum elec-
trolytes, because prostaglandins dilate the renal vascular 
beds and mediate diuretic and natriuretic renal effects. 
NSAIDs should not be withheld in patients with normal 
preoperative renal function because euvolemic patients 
with normal renal function are unlikely to be affected, 
although NSAIDs may cause a clinically unimportant 
transient reduction in renal function in the early postop-
erative period in patients with normal preoperative renal 
function.47 Gastrointestinal bleeding48 may be more 
likely with NSAID intake because of inhibition of COX-
1, which is required for the synthesis of cytoprotective 
gastric mucosal prostaglandins. Bronchospasm may be 
induced by NSAIDs (including aspirin) or acetaminophen, 
and cross-sensitivity may occur with acetaminophen in 
aspirin-sensitive asthmatic subjects.49 Because expres-
sion of peripheral COX-2 is increased during inflamma-
tion, selective inhibition of COX-2 could theoretically 

http://www.medicine.ox.ac.uk/bandolier/
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provide analgesia without the side effects associated 
with COX-1 inhibition. COX-2 inhibitors have a less fre-
quent incidence of gastrointestinal complications50 and 
exhibit minimal platelet inhibition, even when admin-
istered in supratherapeutic doses.51 However, long-term 
use of COX-2 inhibitors has an excess cardiovascular 
risk; thus, rofecoxib was withdrawn from the market.52 
Although cardiovascular toxicity appears to be a class 
effect of all COX-2 inhibitors, the cardiovascular risks of 
COX-2 inhibitors are heterogeneous and influenced by 
many factors such as the specific medication, dosage, 
and patient characteristics.52 Issues surrounding the peri-
operative use of COX-2 inhibitors are slightly different 
from those of longer-term use of COX-2 inhibitors.53 A 
randomized trial of valdecoxib and its intravenous pro-
drug parecoxib versus placebo assessed the safety of these 
drugs in patients undergoing coronary artery bypass 
grafting (CABG).54 When compared with the group given 
placebo alone, both the group given parecoxib and valde-
coxib and the group given placebo and valdecoxib had a 
higher proportion of patients with at least one confirmed 
adverse event.54 The use of parecoxib and valdecoxib 
after CABG was associated with an increased incidence of 
cardiovascular events, thereby arousing serious concern 
about the use of these drugs in such circumstances. How-
ever, a subsequent randomized controlled trial investigat-
ing the safety and efficacy of parecoxib and valdecoxib 
after major noncardiac surgery found that patients who 
received the COX-2 inhibitors had similar frequencies 
of predefined adverse events compared with those who 
received placebo.55

Gabapentanoids
Gabapentin and pregabalin, antiepileptic drugs also 
used in the treatment of neuropathic pain, interact with 
calcium channel α2-δ ligands to inhibit calcium influx 
and subsequent release of excitatory neurotransmitters. 
However, oral pregabalin is absorbed more rapidly and 
has more absolute bioavailability (≥90% versus <60%) 
than does gabapentin.56 Despite these differences, oral 
gabapentin improves the analgesic efficacy of opioids 
both at rest and with movement, and reduces opioid 
consumption and opioid-related side effects, but with 
an increased incidence of side effects such as sedation 
and dizziness.57,58,59 The data for the analgesic efficacy 
for pregabalin is not as convincing as that for gabapen-
tin. A meta-analysis investigating the analgesic efficacy 
of pregabalin for acute postoperative pain demonstrated 
use of pregabalin was associated with a decrease in opi-
oid consumption and opioid-related side effects, but 
no difference in pain intensity.60 Another meta-analy-
sis suggested that perioperative administration of pre-
gabalin may provide additional analgesia in the short 
term but also results in an increase in side effects such 
as dizziness/lightheadedness or visual disturbances.61 
Although further studies are needed to elucidate the spe-
cific parameters (e.g., dose, duration of use) for gabapen-
tanoids in the perioperative period, these analgesics can 
be considered as part of a multimodal approach to post-
operative analgesia. Furthermore, perioperative admin-
istration of gabapentin and pregabalin may reduce the 
incidence of CPSP.62
Ketamine
Ketamine is traditionally recognized as an intraopera-
tively administered anesthetic; however, small-dose 
(analgesic) ketamine can facilitate postoperative analge-
sia because of its NMDA-antagonistic properties, which 
may be important in attenuating central sensitization and 
opioid tolerance.63 Ketamine can be administered orally, 
intravenously (PCA or as a continuous infusion), subcuta-
neously, or intramuscularly. A systematic review of peri-
operative ketamine use found that perioperative analgesic 
doses of ketamine reduce rescue analgesic requirements 
or pain intensity.64 In addition, perioperative ketamine 
reduced 24-hour PCA morphine consumption and post-
operative nausea or vomiting and had minimal adverse 
effects.64 A subsequent systematic review found that 
intravenous ketamine was an effective adjunct for post-
operative analgesia particularly in patients undergoing 
painful procedures, such as upper abdominal, thoracic, 
and major orthopedic surgeries.65 The administration of 
ketamine in postoperative pediatric patients is also asso-
ciated with decreased postoperative pain intensity (also 
see Chapter 93).66 One potential concern is the possible 
impact of ketamine’s amnestic effects on the neurophar-
macologic and cognitive level of patients with use of peri-
operative ketamine infusions.67 Although possible, these 
effects infrequently occur when the medication is given 
in analgesic doses. Ketamine has also been given epidur-
ally and intrathecally, but racemic mixtures of ketamine 
are neurotoxic, and therefore the use of neuraxial racemic 
ketamine is strongly discouraged.

Tramadol
Tramadol is a synthetic opioid that exhibits weak 
μ-agonist activity and inhibits reuptake of serotonin and 
norepinephrine, although the relative degree of contribu-
tion of each modality to postoperative analgesia is not 
certain.68 Although tramadol exerts its analgesic effects 
primarily through central mechanisms, it may have 
peripheral local anesthetic properties and has been used 
as a subcutaneous local anesthetic for minor surgical pro-
cedures.69 Tramadol is effective in treating moderate post-
operative pain70 and is comparable in analgesic efficacy 
to aspirin (650 mg) with codeine (60 mg) or ibuprofen 
(400 mg) (see Table 98-2 and Fig. 98-1).70 The addition of 
acetaminophen to tramadol (versus tramadol alone) may 
decrease the incidence of tramadol’s side effects without 
reducing its analgesic efficacy.71 Use of tramadol in intra-
venous PCA results in similar pain scores when compared 
with that from intravenous PCA opioids; however, the 
side effect profile is different between the two groups (i.e., 
a more frequent incidence of postoperative nausea/vom-
iting but lower pruritus with tramadol).72 Advantages of 
tramadol for postoperative analgesia include a relative 
lack of respiratory depression, major organ toxicity, and 
depression of gastrointestinal motility and a small poten-
tial for abuse (1 case per 100,000 patients).68 Common 
side effects (overall incidence of 1.6% to 6.1%) include 
dizziness, drowsiness, sweating, nausea, vomiting, dry 
mouth, and headache.70 Tramadol should be used with 
caution in patients with seizures or increased intracranial 
pressure (also see Chapter 70) and is contraindicated in 
those taking monoamine oxidase inhibitors.70



REGIONAL ANALGESIC TECHNIQUES

A variety of neuraxial (primarily epidural) and periph-
eral regional analgesic techniques may be used for the 
effective treatment of postoperative pain. In general, the 
analgesia provided by epidural and peripheral techniques 
(particularly when local anesthetics are used) is superior 
to that with systemic opioids,73 and use of these tech-
niques may even reduce morbidity and mortality.10,74 
However, as with all approaches, the risks and benefits 
should be compared, especially regarding the controver-
sies about the use of these techniques in the presence of 
various anticoagulants.

Single-Dose Neuraxial Opioids
Administration of a single dose of opioid may be effica-
cious as a sole or adjuvant analgesic drug when admin-
istered intrathecally or epidurally. One of the most 
important factors in determining the clinical pharma-
cology for a particular opioid is its degree of lipophilic-
ity (versus hydrophilicity) (Table 98-3). Once they have 
reacted the cerebrospinal fluid (CSF) through direct intra-
thecal injection or gradual migration from the epidural 
space, hydrophilic opioids (i.e., morphine and hydro-
morphone) tend to remain within the CSF and produce 
a delayed but longer duration of analgesia, along with a 
generally more frequent incidence of side effects because 
of the cephalic or supraspinal spread of these com-
pounds. Neuraxial administration of lipophilic opioids, 
such as fentanyl and sufentanil, provides a rapid onset 
of analgesia, and their rapid clearance from CSF may 
limit cephalic spread and the development of certain side 

TABLE 98-3 PROPERTIES OF NEURAXIAL OPIOIDS

Property Lipophilic Opioids
Hydrophilic 
Opioids

Common drugs Fentanyl, sufentanil Morphine, 
hydromorphone

Onset of analgesia Rapid onset  
(5-10 min)

Delayed onset  
(30-60 min)

Duration of 
analgesia*

Shorter duration 
(2-4 hr)

Longer duration 
(6-24 hr)

CSF spread Minimal CSF spread Extensive CSF 
spread

Site of action Spinal ± systemic Primarily spinal ± 
supraspinal

Side effects
 Nausea and 

vomiting
Lower incidence 

with lipophilic 
than with 
hydrophilic 
opioids

 Pruritus Lower incidence 
with lipophilic 
than with 
hydrophilic 
opioids

 Respiratory 
depression

Primarily early; 
minimal delay

Both early (<6 hr) 
and delayed  
(>6 hr) possible

CSF, Cerebrospinal fluid.
*The duration of analgesia varies.
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effects such as delayed respiratory depression. The site of 
analgesic action for hydrophilic opioids is overwhelm-
ingly spinal, but the primary site of action (spinal versus 
systemic) for single-dose neuraxial lipophilic opioids is 
not as certain.75

The differences in pharmacokinetics between lipo-
philic and hydrophilic opioids may influence the choice 
of opioid in an attempt to optimize analgesia and mini-
mize side effects for a particular clinical situation. Single-
dose intrathecal administration of a lipophilic opioid 
may be useful in situations (e.g., ambulatory surgical 
patients) in which rapid analgesic onset (minutes) com-
bined with a moderate duration of action (<4 hours) and 
minimal risk of respiratory depression is needed.76 Single-
dose hydrophilic opioid administration provides effec-
tive postoperative analgesia and may be useful in patients 
monitored on an inpatient basis, for whom a longer dura-
tion of analgesia would be beneficial.

Single-dose epidural administration of lipophilic and 
hydrophilic opioids is used to provide postoperative 
analgesia, with considerations generally being similar 
to those discussed for single-dose intrathecal adminis-
tration of opioids. A single bolus of epidural fentanyl 
may be administered to provide rapid postopera-
tive analgesia; however, diluting the epidural dose of 
fentanyl (typically 50 to 100 μg) in at least 10 mL of 
preservative-free normal saline will decrease the onset 
and prolong the duration of analgesia, possibly as a 
result of an increase in initial spread and diffusion of 
the lipophilic opioid. Single-dose epidural morphine is 
effective for postoperative analgesia, and use of a sin-
gle-dose hydrophilic opioid may be especially helpful 
in providing postoperative epidural analgesia when the 
epidural catheter’s location is not congruent with the 
surgical incision (e.g., lumbar epidural catheter for tho-
racic surgery). Smaller doses of epidural morphine may 
be required for older patients and for thoracic catheter 
sites. Commonly used dosages for intrathecal and epi-
dural administration of neuraxial opioids are provided 
in Table 98-4.

Recently introduced is an extended-release formula-
tion of (single-dose) epidural morphine encapsulated 
within liposomes that results in up to 48 hours of analge-
sia.77 Some precautions are required in using this newer 
formulation of epidural morphine. To resuspend the par-
ticles immediately before withdrawal from the vial, the 
vial should be gently inverted (but aggressive or excessive 
agitation must be avoided). Concurrent administration 
of liposomal extended-release morphine and local anes-
thetics may increase peak concentrations of morphine. 
Accordingly, the manufacturer has recommended that 
clinicians increase the interval between administration 
of local anesthetic (including test doses) and liposomal 
extended-release morphine to at least 15 minutes to 
minimize this pharmacokinetic interaction. In addition, 
because the liposomal extended-release morphine does 
not contain any bacteriostatic agents, it should be admin-
istered within 4 hours after withdrawal from the vial. 
Finally, as with traditional single-dose neuraxial opioids, 
clinicians should administer a smaller dose of liposomal 
extended-release morphine to older patients or those 
with decreased physiologic reserve or coexisting disease. 
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At this time, liposomal extended-release morphine has 
not been studied or approved in pediatric patients.

Continuous Epidural Analgesia
Analgesia delivered through an indwelling epidural cathe-
ter is a safe and effective method for management of acute 
postoperative pain.78 Postoperative epidural analgesia can 
provide analgesia superior to that with systemic opioids 
(Fig. 98-2).79,80 Of note, however, epidural analgesia is not 
a generic term but incorporates a wide range of options, 
including the choice and dose of analgesic agents, loca-
tion of catheter placement, and onset and duration of 
perioperative use.78 Although this section focuses on the 
postoperative management of epidural analgesia, intraop-
erative use of the epidural catheter as part of a combined 
epidural-general anesthetic technique results in less pain 
and faster patient recovery immediately after surgery than 
general anesthesia followed by systemic opioids does.81 
Each of these options may affect the quality of postopera-
tive analgesia, patient-reported outcomes, and even rates 
of morbidity and mortality.
Analgesic Drugs
LocaL anesthetics. Epidural infusion of local anesthetic 
alone may be used for postoperative analgesia, but in gen-
eral it is not as effective in controlling pain as local anes-
thetic–opioid epidural analgesic combinations are.79,80 
The precise location of action of local anesthetics in the 
epidural space is not clear, and potential sites include the 
spinal nerve roots, dorsal root ganglion, or spinal cord 
itself.75 Epidural infusion of local anesthetic alone may 
be warranted for postoperative analgesia in an attempt 
to avoid opioid-related side effects; however, the sole 
use of local anesthetics is less common than the use of 
a local anesthetic–opioid combination because of a sig-
nificant failure rate (from regression of sensory blockade 
and inadequate analgesia) and relatively high incidence 
of motor block and hypotension.78

opioids for epiduraL infusion. Opioids may be used alone 
for postoperative epidural infusion and do not generally 
cause motor block or hypotension from sympathetic 
blockade.78 There are differences between continuous  
TABLE 98-4 DOSING OF NEURAXIAL OPIOIDS*

Drug Intrathecal or Subarachnoid Single Dose Epidural Single Dose Epidural Continuous Infusion

Fentanyl 5-25 μg 50-100 μg 25-100 μg /hr
Sufentanil 2-10 μg 10-50 μg 10-20 μg /hr
Alfentanil — 0.5-1 mg 0.2 mg/hr
Morphine 0.1-0.3 mg 1-5 mg 0.1-1 mg/hr
Hydromorphone — 0.5-1 mg 0.1-0.2 mg/hr
Extended-release morphine† Not recommended 5-15 mg Not recommended

*Doses are based on the use of a neuraxial opioid alone. No continuous intrathecal or subarachnoid infusions are provided. Lower doses may be effective 
when administered to older patients or when injected in the cervical or thoracic region. Units vary across agents for single dose (mg versus μg) and 
continuous infusion (mg/hr versus μg/hr).

†See package insert for details on dosage and administration.

Figure 98-2. Mean and standard deviation of visual 
analogue pain scores (y axis) for both epidural anal-
gesia (represented by dark blue circles) and parenteral 
opioids (represented by open red circles) for each post-
operative day (x axis) up to the fourth day after surgery. 
(From Block BM, Liu SS, Rowlingson AJ, et al: Efficacy of 
postoperative epidural analgesia: a meta-analysis, JAMA 
290:2455-2463, 2003, with permission.)
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epidural infusion of lipophilic (e.g., fentanyl, sufentanil) 
and hydrophilic (e.g., morphine, hydromorphone) opi-
oids. The analgesic site of action (spinal versus systemic) 
of continuous epidural infusion of lipophilic opioids is 
not clear. Although some data suggest a benefit from 
epidural (versus intravenous) infusion of lipophilic opi-
oids,82 the overall advantage of administering continuous 
epidural infusion of lipophilic opioids alone is marginal.78

The analgesic site of action for continuous hydrophilic 
opioid infusion is primarily spinal. Continuous infu-
sion of a hydrophilic opioid may be especially useful for 
providing postoperative analgesia when the site of cath-
eter insertion is not congruent with the site of surgery 
or when side effects (e.g., hypotension, motor block) 
are attributed to the epidural local anesthetic. Use of a 
continuous infusion rather than intermittent boluses of 
epidural morphine may result in superior analgesia with 
fewer side effects. Continuous epidural infusion of hydro-
philic opioids may provide analgesia superior to that of 
traditional PRN administration of systemic opioids.

LocaL anesthetic–opioid combinations. Use of a local 
anesthetic and an opioid in an epidural infusion may 
have advantages over infusions consisting of a local 
anesthetic or opioid alone. When compared with a local 
anesthetic or opioid alone, a local anesthetic–opioid 
combination provides superior postoperative analgesia 
(including improved dynamic pain relief), limits regres-
sion of sensory blockade, and possibly decreases the dose 
of local anesthetic administered, although the effect on 
the incidence is uncertain.78 Continuous epidural infu-
sion of a local anesthetic–opioid combination also pro-
vides analgesia superior to that of intravenous PCA with 
opioids.79 It is unclear whether the analgesic effect of the 
local anesthetic and opioid in epidural analgesia is addi-
tive or synergistic. The choice of local anesthetic for con-
tinuous epidural infusion varies. In general, bupivacaine, 
ropivacaine, or levobupivacaine is chosen because of the 
differential and preferential clinical sensory blockade 
with minimal impairment of motor function. Concentra-
tions used for postoperative epidural analgesia are lower 
than those used for intraoperative anesthesia. The choice 
of opioid also varies, although many clinicians prefer a 
lipophilic opioid (e.g., fentanyl, sufentanil) to allow rapid 
titration of analgesia.78 Use of a hydrophilic opioid (mor-
phine, hydromorphone) as part of a local anesthetic–opi-
oid epidural analgesic regimen may also provide effective 
postoperative analgesia. The optimal local anesthetic and 
opioid dose that provides the lowest pain scores with the 
fewest medication-related side effects is unknown and 
further investigation is needed to determine the optimal 
combinations for other types of surgical procedures with 
different epidural catheter insertion sites and to compare 
the efficacy of these optimal continuous infusions with 
patient-controlled epidural analgesia (PCEA).

adjuvant drugs. A variety of adjuvants may be added to 
epidural infusions to enhance analgesia while minimizing 
side effects, but none has gained widespread acceptance. 
Two of the more studied adjuvants are clonidine and epi-
nephrine. Clonidine mediates its analgesic effects primar-
ily through the spinal dorsal horn α2-receptors on primary 
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afferents and interneurons, as well as the descending 
noradrenergic pathway, and the epidural dose typically 
used ranges from 5 to 20 μg/hr.83,84 Clinical application 
of clonidine is limited by its side effects: hypotension, 
bradycardia, and sedation.85 Hypotension and bradycar-
dia are both dose dependent. Epinephrine may improve 
epidural analgesia, can increase sensory blockade, and is 
generally administered at a concentration of 2 to 5 μg/
mL.86,87 Epidural administration of NMDA antagonists, 
such as ketamine, can theoretically be useful in attenuat-
ing central sensitization and potentiating the analgesic 
effect of epidural opioids, but additional safety and anal-
gesic data are needed.

Location of Catheter Insertion
Insertion of the epidural catheter congruent to the inci-
sional dermatome (i.e., catheter-incision–congruent anal-
gesia) (Table 98-5) results in optimal postoperative epidural 
analgesia by infusing analgesics to the appropriate inci-
sional dermatomes, providing superior analgesia, mini-
mizing side effects (e.g., lower extremity motor block and 
urinary retention), and decreasing morbidity.10,78 When 
compared with catheter-incision–congruent epidural anal-
gesia, catheter-incision–incongruent epidural analgesia 
(e.g., low lumbar catheter placement for thoracic proce-
dures) results in increased pain and early removal of the epi-
dural catheter because of ineffective analgesia. By targeting 
delivery of analgesic drugs to the appropriate dermatomes, 
catheter-incision–congruent epidural analgesia may result 
in smaller drug requirements and decreased medication-
related side effects. Incidence of lower extremity motor 
block is more frequent with the use of lumbar epidural 
catheters, and an earlier-than-anticipated termination of 

TABLE 98-5 RECOMMENDED CATHETER 
INSERTION SITES FOR SURGICAL PROCEDURES

Location of 
Incision

Examples of Surgical 
Procedures

Congruent 
Epidural Catheter 
Placement

Thoracic Lung reduction, 
radical 
mastectomy, 
thoracotomy, 
thymectomy

T4-8

Upper abdominal Cholecystectomy, 
esophagectomy, 
gastrectomy, 
hepatic resection, 
Whipple procedure

T6-8

Middle abdominal Cystoprostatectomy, 
nephrectomy

T7-10

Lower abdominal Abdominal aortic 
aneurysm repair, 
colectomy, radical 
prostatectomy, 
total abdominal 
hysterectomy

T8-11

Lower extremity Femoral-popliteal 
bypass, total hip 
or total knee 
replacement

L1-4

L, Lumbar level; T, thoracic level.
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epidural analgesia may also result.88 Use of a high thoracic 
epidural for abdominal or thoracic surgery does not inhibit 
sympathetic nerve activity in the lower extremities and 
may result in a relatively infrequent incidence of urinary 
retention, thus diminishing the need for routine bladder 
catheterization.83 Placement of thoracic epidural catheters 
is relatively safe, and a more frequent incidence of neuro-
logic complications is not documented with placement of 
a thoracic (versus lumbar) epidural catheter. Furthermore, 
the benefits of epidural analgesia in decreasing morbidity 
in patients undergoing abdominal and thoracic surgery are 
seen only with thoracic (congruent), not lumbar (incon-
gruent), epidural catheter placement.84

Side Effects of Neuraxial Analgesic Drugs
Many medication-related (opioid and local anesthetic) 
side effects can occur with the use of postoperative epi-
dural analgesia, but before automatically ascribing the 
cause to the epidural analgesic regimen, other causes 
should be considered, such as small intravascular vol-
ume, bleeding, and low cardiac output, leading to hypo-
tension and cerebrovascular accident, pulmonary edema, 
and evolving sepsis, leading to respiratory depression. 
Standing orders and nursing protocols for analgesic regi-
mens, neurologic monitoring, treatment of side effects, 
and physician notification about critical variables should 
be standard for all patients receiving neuraxial and other 
types of postoperative analgesia (see Box 98-1).

hypotension. The local anesthetics used in an epidural 
analgesic regimen may block sympathetic fibers and 
contribute to postoperative hypotension. Although the 
incidence of postoperative hypotension with postopera-
tive epidural analgesia may be as frequent as approxi-
mately 7%, the average may be closer to 0.7% to 3%.78,89 
A systematic review of studies investigating postopera-
tive analgesia found a mean (95% CI) incidence of hypo-
tension for epidural analgesia of 5.6% (3.0% to 10.2%).32 
Strategies to treat noncritical hypotension caused by 
epidural analgesia include decreasing the overall dose 
of local anesthetic administered (by decreasing the rate 
or concentration), infusing an opioid epidural alone 
because it is unlikely that neuraxial opioid administra-
tion would contribute to postoperative hypotension, 
and treating the underlying cause of the decrease in 
blood pressure.78

motor bLock. Use of local anesthetics for postoperative 
epidural analgesia may also contribute to lower extremity 
motor block in approximately 2% to 3% of patients,78,89 
and this may lead to the development of pressure sores 
in the heels.90 A meta-analysis noted a mean incidence 
of motor block of 3.2% with PCEA.79 A lower concentra-
tion of local anesthetic and catheter-incision–congruent 
placement of epidural catheters for abdominal or thoracic 
procedures may decrease the incidence of motor block. 
Although motor block resolves in most cases after stop-
ping the epidural infusion for approximately 2 hours, 
persistent or increasing motor block should be evalu-
ated promptly, and spinal hematoma, spinal abscess, and 
intrathecal catheter migration should be considered as 
part of the differential diagnosis.78
nausea and vomiting. Nausea and vomiting associated 
with neuraxial administration of single-dose opioid 
occurs in up to 50% of patients, and the cumulative 
incidence in those receiving continuous infusions of 
opioid may be as high as 80%. The overall data (neur-
axial opioids and/or local anesthetic combined) sug-
gest that the incidence of postoperative vomiting is 
similar between epidural analgesia and systemic opioids, 
although female patients will exhibit a more frequent 
incidence regardless of analgesic modality.91 The inci-
dence of neuraxial opioid–related nausea and vomiting 
may be dose dependent, although a recent meta-analysis 
suggested that a larger dose (≥0.3 mg) of intrathecal mor-
phine did not increase the risk of postoperative nausea 
or vomiting compared with a smaller dose (<0.3 mg) 
of intrathecal morphine.92 Nausea and vomiting from 
neuraxial opioids may be related to the cephalad migra-
tion of opioid within the CSF to the area postrema in 
the medulla. Use of fentanyl alone or in combination 
with a local anesthetic in an epidural infusion is associ-
ated with less frequent incidence of nausea and vomit-
ing than are infusions of morphine. A variety of drugs 
have been used successfully to treat neuraxial opioid–
induced nausea and vomiting, including naloxone, dro-
peridol, metoclopramide, dexamethasone, ondansetron, 
and transdermal scopolamine.93,94

pruritus. Pruritus is one of the most common side 
effects of epidural or intrathecal administration of opi-
oids, with an incidence of approximately 60% versus 
about 15% to 18% for epidural local anesthetic admin-
istration or systemic opioids.95 A systematic review of 
studies investigating postoperative analgesia found a 
mean (95% CI) incidence of pruritus for epidural anal-
gesia of 16.1% (12.8% to 20%) versus 13.8% (10.7% 
to 17.5%) for intravenous opioid PCA.91 Although the 
cause of neuraxial opioid–induced pruritus is uncer-
tain, peripheral histamine release is not the cause but 
may be related to central activation of an “itch center” 
in the medulla or activation of opioid receptors in the 
trigeminal nucleus or nerve roots with cephalad migra-
tion of the opioid. It is unclear whether the incidence 
of neuraxial opioid–related pruritus is dose dependent 
because a quantitative systematic review95 suggested 
no evidence of a relationship, whereas other clinical 
and experimental studies have indicated a significant 
correlation.96 Many drugs have been evaluated for the 
prevention and treatment of opioid-induced pruritus, 
which can be difficult to manage and quite bothersome 
for some patients. Intravenous naloxone, naltrexone, 
nalbuphine, and droperidol appear to be efficacious for 
the pharmacologic control of opioid-induced pruritus.95 
Meta-analysis has shown that serotonin receptor antag-
onists may also be an effective modality in the preven-
tion of neuraxial opioid-induced pruritus.94 The use of 
epidural morphine is associated with postpartum reacti-
vation of herpes simplex labialis.

respiratory depression. Neuraxial opioids used in 
appropriate doses are not associated with a more fre-
quent incidence of respiratory depression than that seen 
with systemic administration of opioids. The incidence 



of respiratory depression with neuraxial administration 
of opioids is dose dependent and typically ranges from 
0.1% to 0.9%. The incidence of respiratory depression 
with neuraxial opioids is no more frequent than that 
seen after systemic opioid administration. The incidence 
of respiratory depression, as defined by a slow respiratory 
rate, should be less than 1%.32 The precise incidence of 
respiratory depression in actual clinical practice may be 
difficult to determine because many criteria (e.g., respira-
tory rate, oxygen saturation, partial pressure of carbon 
dioxide, and need to administer respiratory stimulants/
reversal drugs) have been used to define respiratory 
depression.32 Neuraxial lipophilic opioids cause less 
delayed respiratory depression than do hydrophilic opi-
oids, although administration of lipophilic opioids may 
cause early significant respiratory depression. Delayed 
respiratory depression is primarily associated with the 
cephalad spread of hydrophilic opioids, which typically 
occurs within 12 hours after injection of morphine. Risk 
factors for respiratory depression with neuraxial opioids 
include increasing dose, increasing age, concomitant use 
of systemic opioids or sedatives, possibly prolonged or 
extensive surgery, and the presence of comorbid condi-
tions (e.g., obstructive sleep apnea). Clinical assessments, 
such as the respiratory rate, may not reliably predict a 
patient’s ventilatory status or impending respiratory 
depression. Treatment with naloxone (and airway man-
agement if necessary) is effective in 0.1- to 0.4-mg incre-
ments; however, because its clinical duration of action 
is relatively short in comparison with the respiratory 
depressant effect of neuraxial opioids, continuous infu-
sion of naloxone (0.5 to 5 μg/kg/hr) may be needed.97 
Although perioperative single-dose extended-release epi-
dural morphine (versus intravenous opioid PCA) may be 
effective for postoperative pain relief for up to 48 hours, 
respiratory depression may be more likely.98 Practice 
guidelines for the prevention, detection, and manage-
ment of respiratory depression associated with neuraxial 
opioid administration have been published.99

urinary retention. Urinary retention associated with 
the neuraxial administration of opioids is the result of 
an interaction with opioid receptors in the spinal cord 
that decreases the detrusor muscle’s strength of contrac-
tion. The incidence of urinary retention is more frequent 
with neuraxially administered opioids than when given 
systemically. Urinary retention does not depend on the 
opioid dose and may be treated with the use of low-dose 
naloxone, although at the risk of reversing the analgesic 
effect. Urinary retention occurred in 23.0% of patients, 
with the most frequent rate in those receiving epidural 
analgesia.91 Another review of the literature found an 
overall incidence of urinary retention of 9%.100 How-
ever, the exact incidence of urinary retention seen clini-
cally may be difficult to determine because patients who 
undergo major surgical procedures are often routinely 
catheterized.

Patient-Controlled Epidural Analgesia
Epidural analgesia has traditionally been delivered at a 
fixed rate or as a continuous epidural infusion (CEI); how-
ever, the administration of epidural analgesia through a 
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atient-controlled device (PCEA) has become more com-
on. Like intravenous PCA, PCEA allows individualiza-

ion of postoperative analgesic requirements and may 
ave several advantages over CEI, including lower drug 
se and better patient satisfaction. PCEA may also pro-
ide analgesia superior to that afforded by intravenous 
CA.79

PCEA is a relatively safe and effective technique for 
ostoperative analgesia on routine surgical wards. Obser-
ational data from two series of over 1000 patients each 
eveal that more than 90% of patients with PCEA receive 
dequate analgesia, with a median pain score of 1 (of a 
ossible 10) at rest and 4 with activity.89,101 The incidence 
f side effects is 1.8% to 16.7% for pruritus, 3.8% to 14.8% 
or nausea, 13.2% for sedation, 4.3% to 6.8% for hypoten-
ion, 0.1% to 2% for motor block, and 0.2% to 0.3% for 
espiratory depression.89,101 These rates are favorable and 
omparable to those reported with CEI.

The optimal PCEA analgesic solution and delivery 
arameters are unclear. Use of a continuous or back-
round infusion in addition to the demand dose is 
ore common with PCEA than with intravenous PCA 

nd may provide analgesia superior to that with the 
se of a demand dose alone.102 In general, most acute 
ain specialists have gravitated toward a variety of 

ow-concentration local anesthetic–opioid combina-
ions (Table 98-6) in an attempt to improve analgesia 
hile minimizing side effects, such as motor block and 

TABLE 98-6 PATIENT-CONTROLLED EPIDURAL 
ANALGESIA REGIMENS

Analgesic Solution*

Continuous 
Rate  
(mL/hr)

Demand 
Dose 
(mL)

Lockout 
Interval 
(min)

General Regimens
0.05% bupivacaine +  

4 μg/mL fentanyl
4 2 10-20

0.0625% bupivacaine +  
5 μg/mL fentanyl†

4-8 3-5 10-20

0.1% bupivacaine +  
5 μg/mL fentanyl

6 2 10-20

0.2% ropivacaine +  
5 μg/mL fentanyl

5 2 20

Thoracic Surgery
0.0625%-0.125% 

bupivacaine +  
5 μg/mL fentanyl†

3-4 2-3 10-20

Abdominal Surgery
0.0625% bupivacaine +  

5 μg/mL fentanyl†
4-8 3-5 10-20

0.125% bupivacaine + 
0.5 μg/mL sufentanil

3-5 2-3 10-20

0.1%-0.2% ropivacaine 
+ 2 μg/mL fentanyl

3-5 2-5 10-20

Lower Extremity Surgery
0.0625%-0.125% 

bupivacaine +  
5 μg/mL fentanyl†

4-8 3-5 10-20

Regimens listed are samples of local anesthetic–lipophilic opioid  
combinations from the literature.

Patient-controlled epidural analgesic regimens commonly used at the 
Johns Hopkins Hospital.
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respiratory depression. As for CEI, addition of an opi-
oid to the local anesthetic can provide analgesia supe-
rior to that with either analgesic alone. A lipophilic 
opioid is usually chosen because its rapid analgesic 
effect and shorter duration of action may be more suit-
able for use with PCEA.89 Use of lower concentrations 
of a local anesthetic (e.g., bupivacaine, ropivacaine) 
may provide excellent analgesia without significant 
motor block.103

Benefits of Epidural Analgesia
Use of perioperative epidural anesthesia and analge-
sia, especially with a local anesthetic–based analgesic 
solution, can attenuate the pathophysiologic response 
to surgery and may be associated with a reduction in 
mortality and morbidity when compared with analge-
sia with systemically administered opioids.10,11 Meta-
analysis of randomized data (141 trials enrolling 9559 
subjects) found that perioperative use of neuraxial anes-
thesia and analgesia (versus general anesthesia and sys-
temic opioids) reduced overall mortality (primarily in 
orthopedic patients) by approximately 30%.104 Use of 
epidural analgesia can decrease the incidence of postop-
erative gastrointestinal, pulmonary, and possibly cardiac 
complications.10,74

By inhibiting sympathetic outflow, decreasing the 
total opioid dose, and attenuating spinal reflex inhibi-
tion of the gastrointestinal tract, postoperative thoracic 
epidural analgesia can facilitate return of gastrointesti-
nal motility without contributing to anastomotic bowel 
dehiscence.74,105 Randomized clinical trials demonstrate 
that use of postoperative thoracic epidural analgesia 
with a local anesthetic–based analgesic solution allows 
earlier return of gastrointestinal function and fulfillment 
of discharge criteria.106 When compared with those who 
receive epidural opioids for postoperative analgesia, 
patients who receive epidural local anesthetics have an 
earlier return of gastrointestinal motility after abdominal 
surgery.106

Perioperative use of epidural analgesia with a local 
anesthetic–based regimen in patients undergoing abdom-
inal and thoracic surgery decreases postoperative pul-
monary complications,107,108 presumably by preserving 
postoperative pulmonary function through providing 
superior analgesia and thus reducing splinting behavior 
and attenuating the spinal reflex inhibition of diaphrag-
matic function.74 A meta-analysis of 48 randomized 
clinical trials109 and another large, randomized clinical 
trial110 demonstrated that use of thoracic epidural anal-
gesia with a local anesthetic–based regimen decreased the 
incidence of pulmonary infections and complications. 
However, patients who received postoperative epidural 
opioids, intercostal blocks, wound infiltration, or intra-
pleural analgesia did not have a significant decrease in 
the incidence of pulmonary complications.109 A subse-
quent meta-analysis confirmed the benefits of thoracic 
epidural analgesia in decreasing perioperative pulmonary 
complications.111

Use of postoperative thoracic, but not lumbar epi-
dural analgesia may decrease the incidence of postop-
erative myocardial infarction,84 possibly by attenuating 
the stress response and hypercoagulability, improving 
postoperative analgesia, and providing favorable redistri-
bution of coronary blood flow.74 The finding that only 
thoracic epidural analgesia decreases the incidence of 
postoperative myocardial infarction corroborates experi-
mental data on the physiologic benefits of thoracic epi-
dural analgesia, such as a reduction in the severity of 
myocardial ischemia or size of infarction, attenuation of 
sympathetically mediated coronary vasoconstriction, and 
improvement of coronary flow to areas at risk for isch-
emia.74 The use of thoracic epidural analgesia in patients 
undergoing cardiac surgery decreased in the risk of post-
operative supraventricular arrhythmias and respiratory 
complications.112

Although postoperative epidural analgesia decreases 
postoperative gastrointestinal, pulmonary, and possibly 
cardiac morbidity, the benefits of postoperative epidural 
analgesia are not as evident in other areas, such as postop-
erative coagulation, cognitive dysfunction,113 and immune 
function. Although the use of intraoperative regional 
anesthesia decreases the incidence of hypercoagulable-
related events (e.g., deep venous thrombosis, pulmonary 
embolism, vascular graft failure),104 postoperative epidural 
analgesia does not obviously decrease the incidence of 
hypercoagulable-related events.

The benefits of postoperative epidural analgesia are 
optimized when the epidural catheter is inserted in a 
location corresponding to the dermatomes covered by 
the surgical incision (i.e., catheter-incision–congruent 
analgesia), which results in a smaller dose of drug admin-
istered and decreased incidence of drug-induced side 
effects, such as pruritus, nausea, vomiting, urinary reten-
tion, motor block, and hypotension.89 When compared 
with catheter-incision–incongruent epidural analgesia, 
catheter-incision–congruent analgesia provides earlier 
return of gastrointestinal function, a lower incidence of 
myocardial infarction,84 and superior analgesia.74 The 
ability of postoperative epidural analgesia to attenuate 
postoperative pathophysiology and improve outcomes 
also depends on the type of drugs used (opioids versus 
local anesthetics). Maximal attenuation of perioperative 
pathophysiology occurs with the use of a local anesthetic–
based epidural analgesic solution. The use of a local anes-
thetic–based (versus opioid-based) analgesic solution is 
associated with earlier recovery of gastrointestinal motil-
ity after abdominal surgery106 and less frequent occur-
rence of pulmonary complications.109 Epidural analgesia 
is not a generic entity because different catheter locations 
and analgesic regimens may differentially affect periop-
erative morbidity.

It is unclear whether perioperative epidural analgesia 
may improve patient-reported outcomes.114 Use of post-
operative epidural analgesia may be associated with an 
improvement in postoperative analgesia and patient-
reported outcomes such as patient satisfaction31 and 
HRQL.16 When compared with systemic opioids, epidural 
local anesthetics consistently provide superior analge-
sia.79,80 Although the concept of satisfaction is complex 
and difficult to measure accurately, the analgesic benefits 
of postoperative epidural analgesia may contribute to 
greater patient satisfaction31 and improved HRQL.16

A link may exist between the perioperative use of 
regional anesthesia/analgesia and a decrease in cancer 



recurrence.115 There are several hypothetical reasons why 
the perioperative use of regional anesthesia and analge-
sia would be of benefit in patients undergoing cancer 
surgery, including attenuation of perioperative immu-
nosuppression and decreased use of inhaled anesthetics/
opioids. A regional anesthetic-induced sympathectomy 
should increase blood flow to the extremities with subse-
quent improvement in tissue oxygenation and a potential 
favorable local anesthetic effect on tumor cell killing.116 
However, multiple factors may potentially affect cancer 
recurrence, and the impact of perioperative regional anal-
gesic techniques on a long-term outcome such as cancer 
recurrence is uncertain at this time. Use of neuraxial anes-
thesia/analgesia for total hip or knee replacement may 
decrease the risk of surgical site infections compared with 
general anesthesia.117

Risks With Epidural Analgesia
The benefits of perioperative epidural anesthesia-analge-
sia must be weighed against the risks associated with this 
technique. Some complications are associated with place-
ment of an epidural catheter, and several risks related to 
the use of indwelling epidural catheters (e.g., epidural 
hematoma and abscess) should be discussed in the con-
text of postoperative epidural analgesia. A review of neu-
rologic complications after regional anesthesia revealed 
that the rate of neurologic complications after central 
neuraxial blockade is less than 4 in 10,000 (0.04%); the 
rate of neuropathy after a peripheral nerve block is less 
than 3 in 100 (3%).118 However, permanent neurologic 
injury after either central neuraxial or peripheral nerve 
block is rare in contemporary anesthetic practice.118 Ele-
ments of routine monitoring of patients receiving neur-
axial analgesia are presented in Box 98-1.

The concurrent use of anticoagulants and neuraxial 
anesthesia and analgesia has always been a relatively con-
troversial issue but has been highlighted over the past 
decade by the increased incidence of spinal hematoma 
after the introduction of low-molecular-weight heparin 
in North America in 1993.

Different types and classes of anticoagulants have dif-
ferent pharmacokinetic properties that affect the timing 
of neuraxial catheter or needle insertion and catheter 
removal. Despite many observational and retrospective 
studies investigating the incidence of spinal hematoma 
in the setting of various anticoagulants and neuraxial 
techniques, no definitive conclusion regarding the abso-
lute safety of neuraxial anesthesia and anticoagulation 
has been reached. The American Society of Regional 
Anesthesia and Pain Medicine (ASRA) lists a series of 
guidelines based on the available literature for adminis-
tration (insertion and removal) of neuraxial techniques 
in the presence of various anticoagulants, including oral 
anticoagulants (warfarin), antiplatelet agents, fibrinolyt-
ics-thrombolytics, standard unfractionated heparin, and 
low-molecular-weight heparin.119 The ASRA guidelines 
recommend that the timing of neuraxial needle or cath-
eter insertion or removal reflect the pharmacokinetic 
properties of the specific anticoagulant. Frequent neu-
rologic monitoring is essential. Concurrent use of mul-
tiple anticoagulants may increase the risk of bleeding, 
and the analgesic regimen should be tailored to facilitate 
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neurologic monitoring, which may be continued in some 
cases for 24 hours after removal of the epidural catheter. 
Although the ASRA guidelines were developed with the 
latest available literature, these guidelines are limited by 
the relatively rare incidence of epidural hematoma; obser-
vational studies have occurred, during which procedures 
(e.g., epidural catheter removal) were performed outside 
the boundaries presented in the ASRA guidelines.120 An 
updated version of the ASRA guidelines on neuraxial 
anesthesia and anticoagulation119 can be found on the 
ASRA website (www.asra.com), and some of these state-
ments address the newer anticoagulants. Anesthesiology 
societies outside North America have also put forth their 
own guidelines for regional anesthesia and different anti-
coagulants.121 Finally, the risk of epidural hematoma may 
be different for obstetric versus surgical patients.122,123

Infection associated with postoperative epidural anal-
gesia may result from exogenous or endogenous sources.78 
Serious infections (e.g., meningitis, spinal abscess) associ-
ated with epidural analgesics are rare (<1 in 10,000),124 
although a more frequent incidence has been observed 
(approximately 1 in 1000 to 2000).124 Closer examination 
of the studies that reported a more frequent incidence 
of epidural abscess reveals that the patients had a rela-
tively longer duration of epidural analgesia or coexisting 
immunocompromising or complicating diseases (e.g., 
malignancy, trauma).78 Use of epidural analgesia in the 
general surgical population with a typical duration of 
postoperative catheterization (approximately 2 to 4 days) 
is not generally associated with epidural abscess forma-
tion.89 Even though serious infectious complications are 
rare after short-term (<4 days) epidural infusions, there 
may be a relatively more frequent incidence of superfi-
cial inflammation or cellulitis (4% to 14%) and an even 
higher rate of catheter colonization (20% to 35%), with 
the proportion of positive cultures increasing with lon-
ger duration of catheterization; however, the catheter 
colonization rate may not be a good predictor of infec-
tion of the epidural space.125 A practice advisory from the 
American Society of Anesthesiologists discussing the pre-
vention, diagnosis, and management of infectious com-
plications associated with neuraxial techniques has been 
published.126

Although epidural analgesia may provide supe-
rior postoperative analgesia, migration of the epidural 
catheter out of the epidural space and into the intra-
thecal, intravascular, or subcutaneous space decreases 
the effectiveness of this technique. The failure rate (i.e., 
earlier-than-anticipated discontinuation of the catheter 
for any reason, placement of a nonfunctioning epidural 
catheter or “shamdural”) ranges from approximately 
6% to 25%, with many centers reporting a rate between 
10% and 20%, but the incidence of actual premature 
epidural catheter dislodgment may be less frequent 
(mean, 5.7%; 95% CI, 4.0% to 7.4%).73,89 Fortunately, 
the rate of intrathecal and intravascular migration of an 
epidural catheter is most likely much less frequent than 
the failure rate. Despite the less frequent occurrence 
of intravascular and intrathecal migration of postop-
erative epidural catheters, use of an epinephrine-con-
taining test dose, administration of local anesthetic in 
fractionated doses, and aspiration of the catheter before 

http://www.asra.com
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bolus administration of local anesthetics may prevent 
complications (e.g., high or total spinal, seizures, neu-
rotoxicity).78 The issue of whether lower extremity 
compartment syndrome can be consistently masked by 
the use of a local anesthetic–based epidural analgesic 
regimen is unresolved because use of systemic opioid 
analgesia has also been associated with a delayed diag-
nosis of compartment syndrome.127

Peripheral Regional Analgesia
The use of peripheral regional analgesic techniques as 
a single injection or continuous infusion can provide 
analgesia superior to that with systemic opioids128 and 
may even result in improvement in some outcomes.129 
A variety of wound infiltration and peripheral regional 
techniques (e.g., brachial plexus, lumbar plexus, femoral, 
sciatic-popliteal, and scalp nerve blocks) can be used to 
enhance postoperative analgesia. Peripheral regional tech-
niques may have several advantages over systemic opi-
oids (e.g., superior analgesia and decreased opioid-related 
side effects) and neuraxial techniques (e.g., decreased risk 
for spinal hematoma).130

A one-time injection of local anesthetic for peripheral 
regional techniques may be used primarily for intraop-
erative anesthesia or as an adjunct to postoperative anal-
gesia. When compared with placebo, peripheral nerve 
blocks with local anesthetics provide superior analgesia 
and are associated with reduced opioid use, decreased 
opioid-related side effects, and improvement in patient 
satisfaction.130 The duration of postoperative analge-
sia resulting from the local anesthetic in the peripheral 
nerve block varies but may last up to 24 hours after injec-
tion. An earlier systematic review indicated that local 
anesthetics may also provide effective wound infiltration 
analgesia postoperatively for a variety of procedures.131 A 
more recent meta-analysis suggested that local anesthetic 
administered via wound catheters may not reduce pain 
intensity after surgery.132

Continuous infusions of local anesthetics can be 
administered through peripheral nerve catheters. Periph-
eral nerve catheters may be inserted by several methods, 
including nerve stimulation, ultrasound guidance, and 
paresthesia elicitation.133 Randomized controlled tri-
als suggest that use of peripheral regional analgesia may 
facilitate postoperative rehabilitation as evidenced by 
accelerated resumption of passive joint range-of-motion, 
decrease in time until discharge readiness, and earlier 
actual discharge from the hospital or rehabilitation cen-
ter.133,134 Continuous peripheral nerve blocks may be 
used in the outpatient (home) setting, typically using 
a portable ambulatory pump.133 When compared with 
systemic opioids, use of continuous infusions or patient-
controlled peripheral analgesia results in superior anal-
gesia, decreased opioid-related side effects, and greater 
patient satisfaction.128,130 The optimal parameters (i.e., 
local anesthetic, concentration, opioid, adjuvants, and 
continuous versus PCA versus intermittent boluses) for 
peripheral analgesia are still being determined.

Thoracic or Nonepidural Analgesia
Several nonepidural regional analgesic techniques can be 
used for the management of postoperative thoracic pain, 
including paravertebral and intercostal blocks, transver-
sus abdominis plane blocks, interpleural (intrapleural) 
analgesia, and cryoanalgesia. The most promising tech-
nique appears to be a thoracic paravertebral block, which 
has been used for thoracic, breast, and upper abdominal 
surgery and for the treatment of rib fracture pain.135 Pos-
sible sites of analgesia for a thoracic paravertebral block 
include direct somatic nerve, sympathetic nerve, and epi-
dural blockade.135 A thoracic paravertebral block can be 
administered as a single injection or as continuous infu-
sion through a catheter; it may provide analgesia equal or 
superior to that with thoracic epidural analgesia and is a 
valuable alternative to thoracic epidural analgesia.136,137 
Paravertebral blocks may be especially useful in provid-
ing postoperative analgesia after breast surgery.138 When 
compared with thoracic epidural analgesia, paravertebral 
analgesia has been shown to provide equivalent analgesia 
but with a better side effect profile (e.g., lower incidence 
of hypotension) and also a lower risk of postoperative 
pulmonary complications.137,139 Continuous infusions 
of local anesthetics through a paravertebral catheter are 
preferable to intermittent boluses because the former is 
associated with lower pain scores.140

Transversus abdominis plane (TAP) nerve block is an 
approach for blocking the abdominal wall neural affer-
ents to provide postoperative analgesia. Typically per-
formed under ultrasound guidance, TAP blocks have been 
mostly described in adult patients (with some in pediatric 
patients) and used in a variety of surgical patients.141,142 
At least two systematic reviews indicate that TAP blocks 
may reduce postoperative morphine requirements, nau-
sea and vomiting, and possibly the severity of pain after 
abdominal surgery.143,144 Although superior early post-
operative analgesia appears to occur (within 24 hours of 
surgery), the surgical procedures, analgesic dosing, tech-
niques, and timing for optimal analgesia following TAP 
block need further examination.141

The analgesic efficacy and the mechanism of inter-
pleural analgesia are no longer controversial (i.e., sensory 
or sympathetic block, or both). Interpleural analgesia is 
inferior to epidural and paravertebral analgesia for con-
trol of postoperative pain, preservation of lung func-
tion after thoracotomy, and reduction of postoperative 
pulmonary complications.109 A recent systematic review 
demonstrated that intrapleural analgesia was inadequate 
for postoperative pain management.139 Intercostal blocks 
may provide short-term postoperative analgesia and may 
be repeated postoperatively; however, the incidence 
of pneumothorax increases with each intercostal nerve 
blocked (1.4% per nerve, with an overall incidence of 
8.7% per patient).145 Like interpleural analgesia, intercos-
tal blocks do not reduce the incidence of pulmonary com-
plications postoperatively when compared with epidural 
analgesia.109

Intraarticular Analgesia
Local peripheral administration of opioids (e.g., intraar-
ticular injection after knee surgery) may theoretically 
provide analgesia for up to 24 hours after surgery146 and 
decrease the incidence of chronic pain147 as peripheral 
opioid receptors are found on the peripheral terminals 
of primary afferent nerves and are up-regulated during 



inflammation of peripheral tissues.148 Results of the sev-
eral randomized clinical trials investigating this topic 
have been summarized.146 Use of a larger dose of intraar-
ticular morphine (5 versus 1 mg) results in superior anal-
gesia; however, there may be no advantage in the degree 
of analgesia provided between intraarticular and systemic 
opioids.146 A subsequent qualitative systematic review 
found no evidence for analgesic effect of intraarticular 
morphine after knee arthroscopy.149 A systemic effect of 
intraarticularly injected morphine cannot be excluded. A 
systematic review suggested that intraarticular administra-
tion of NSAIDs may provide clinically relevant peripheral 
analgesia.150 Intraarticular injection of local anesthetics 
may provide a limited duration of postoperative analge-
sia, but the clinical benefit from intraarticular injection of 
local anesthetics is unclear.151 Clinicians should be aware 
that there have been cases of glenohumeral chondrolysis 
reported in association with postarthroscopy infusion of 
local anesthetic.152

OTHER TECHNIQUES

Other nonpharmacologic techniques, such as transcuta-
neous electrical nerve stimulation (TENS), acupuncture, 
exercise/activity, and psychological approaches, can be 
used in an attempt to alleviate postoperative pain. The 
mechanism by which TENS produces analgesia is unclear 
but may be related to modulation of nociceptive impulses 
in the spinal cord, release of endogenous enkephalins, or 
a combination of these, and other mechanisms. Although 
the analgesic efficacy of these techniques is controver-
sial, TENS and acupuncture may provide postoperative 
analgesia, decrease postoperative opioid requirements, 
reduce opioid-related side effects, and attenuate activa-
tion of the sympathoadrenal system. In general, all of 
these approaches to postoperative pain are relatively safe, 
noninvasive, and devoid of the systemic side effects seen 
with other analgesic treatment options.153 TENS may 
be of benefit in providing postoperative analgesia and 
decreasing analgesic consumption.154,155 Early mobiliza-
tion and activity therapy improve functional outcomes 
following orthopedic surgical procedures156 and are effec-
tive in reducing pain behaviors in animal models of sur-
gical neuropathic pain. 157 Although some methodologic 
issues have been raised with many of the available trials 
and the precise role of these treatments in postoperative 
pain management is not clear, they represent alternative 
therapies to add to the clinician’s armamentarium. In 
particular, exercise and activity programs are inexpensive 
and easily available therapies.

Although this chapter has focused on the neurobiology 
of nociception and pharmacologic treatments available 
for the treatment of postoperative pain, the experience 
of pain is complex, multifaceted, and “an unpleasant 
sensory and emotional experience,” as defined in part 
by the International Association for the Study of Pain. 
The differential behavior response to surgical incision 
may be related to global (i.e., personality, gender, age, 
and culture) and specific (i.e., fear, depression, anger, and 
coping) psychological factors.158 Cognitive therapy and 
behavior therapy may be efficacious in reducing pain and 
alleviating psychological factors associated with pain.159 
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Identifying and addressing psychological factors can 
reduce pain, improve the efficacy of pharmacologic anal-
gesics, and diminish patients’ distress, in part through 
enhancement of the placebo effect.158 Although it may 
have a psychological origin, the placebo response may 
exert part of its effects through activation of endogenous 
opioids and may be useful in reducing the intensity of 
pain.160

POSTOPERATIVE ANALGESIA IN  
SPECIAL POPULATIONS

The foregoing discussion has provided a general approach 
to the principles and practice of acute postoperative pain 
management, but this approach may need to be modi-
fied for certain populations that have unique anatomic, 
physiologic, pharmacologic, affective, and cognitive 
issues. Management of acute pain should be tailored to 
the specific needs of a particular population. Although 
each population could merit a separate chapter in some 
textbooks, this chapter outlines the general principles 
and issues associated with each population and provides 
references to other more extensive sources.

OPIOID-TOLERANT PATIENTS: PATIENTS 
WITH PREEXISTING PAIN

Opioid-tolerant patients can be categorized into three 
groups: (1) those who have chronic pain for which they 
receive opioid-based analgesic therapy, (2) those who use 
opioids recreationally as a result of a substance use disor-
der, and (3) those who take opioids for a combination of 
the first two reasons. Regardless of the reason the indi-
vidual is using opioids, the management of their periop-
erative pain is considerably more challenging than those 
who are opioid-naive.

Even though there is no specific threshold or time-
frame for when a patient becomes opioid tolerant, the 
U.S. Food and Drug Administration (FDA) has recently 
provided guidelines for defining the opioid-tolerant 
patient.161 In summary, patients considered opioid tol-
erant are those who are regularly taking at least one of 
these: 60 mg oral morphine per day; 25 μg transdermal 
fentanyl per hour; 30 mg oral oxycodone per day; 8 mg 
oral hydromorphone per day; 25 mg oral oxymorphone 
per day; or an equianalgesic dose of another opioid for 1 
week or longer.

Postoperative pain may be difficult to manage in opioid-
tolerant patients because the standard approaches used 
for baseline assessment and assessment of response to 
therapy in opioid-naive or research patients are often less 
accurate for opioid-tolerant patients. Although opioid-
tolerant patients require larger doses of analgesic medi-
cations (in addition to their baseline pain medication 
requirements) in the immediate postoperative period, 
many health care providers still do not provide adequate 
postoperative pain relief, in part because of the fear of 
addiction or medication-related side effects. In dealing 
with patients with chronic opioid use, health care pro-
viders often mistakenly interchange several pharmaco-
logic terms (i.e., tolerance, physical dependence, and 
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addiction), a practice that may contribute to misunder-
standing and inappropriate treatment decisions.

Tolerance refers to the pharmacologic property of 
an opioid in which an increasing amount is needed to 
maintain a given level of analgesia. Physical dependence is 
another pharmacologic property of opioids, characterized 
by the occurrence of a withdrawal syndrome on abrupt 
discontinuation of the opioid or administration of an 
antagonist. As pharmacologic properties, tolerance and 
physical dependence are not synonymous with the aber-
rant psychological state or behavior associated with addic-
tion, a chronic disorder characterized by the compulsive 
use of a substance resulting in physical, psychological, or 
social harm to the user and continued use despite that 
harm. The exaggerated fear of addiction contributes to 
the undertreatment of postoperative pain by health care 
providers; however, minimal risk of iatrogenic addiction 
exists with the use of opioids for pain control in patients 
who do not have a prior history of addiction.162,163

Several principles of pain assessment and treatment 
can be applied to the postoperative management of opi-
oid-tolerant patients. The physician should expect high 
self-reported pain scores. Treatment decisions should be 
based on objective pain assessment (e.g., ability to breathe 
deeply, cough, ambulate) in conjunction with patients’ 
self-reported pain scores. Physicians should understand 
the need to identify and treat two major problems—
maintenance of a basal opioid requirement and control 
of incisional pain. Finally, physicians should recognize 
that detoxification is not usually an appropriate goal in 
the perioperative period.164-166

The treatment of patients with prior opioid use requires 
the management of the expectations of the patient, the 
patient’s family, and the physician’s surgical colleagues. 
The goal of inpatient management of pain in patients 
with chronic pain or acute-on-chronic pain is to stabi-
lize and rationalize (if necessary) the patient’s outpatient 
pain medication regimen. The goal is not to treat long-
standing persistent pain that has been managed on an 
outpatient basis, because it is unlikely in the very limited 
time period in which you are a member of the patient’s 
care team that you will be able to make a substantial posi-
tive difference. Therefore, several general strategies can be 
used for the treatment of postoperative pain in an opioid-
tolerant patient or in a patient with chronic pain who is 
receiving opioids. Although patients with chronic pain 
are not synonymous with opioid-tolerant patients, many 
of these patients are also opioid tolerant, and the same 
general principles and strategies discussed earlier may be 
applied to these patients as well. The physician can cre-
ate a treatment plan early and discuss it with the patient, 
surgical team, and nursing staff; replace the patient’s 
baseline or basal opioid requirements postoperatively; 
anticipate an increase in postoperative analgesic require-
ments167; maximize the use of adjuvant drugs; consider 
the use of regional analgesic techniques; and plan for 
the transition to an oral regimen. The physician, patient 
and other providers need to be aware that the nonopioid 
adjuvant medications (not including tramadol, NSAIDs, 
or acetaminophen) may be started while the patient is 
an inpatient, but they are unlikely to have substantial 
impact on the patient’s chronic pain while hospitalized. 
Recognizing and addressing nonnociceptive sources of 
distress may be especially important for patients with 
chronic pain.158

Administration of a PRN analgesic regimen alone for 
opioid-tolerant patients is highly discouraged because 
replacing the basal opioid requirement in the postopera-
tive period can optimize pain relief and possibly prevent 
opioid withdrawal. Basal opioid requirements can be 
administered systemically (typically intravenously) until 
the patient can tolerate an oral analgesic regimen.28 For 
example, 50% to 100% of the patient’s baseline opioid 
requirement can be administered by continuous infusion 
as part of an intravenous PCA regimen, with a demand 
dose to cover the additional incisional pain. Conversion 
tables (Table 98-7) may facilitate equianalgesic conver-
sion of opioids (i.e., different routes of administration of 
one opioid or conversion between two different opioids); 
however, these tables provide only estimations to assist 
health care providers in initiating opioid titration.168

Opioid-tolerant patients generally require increased 
postoperative analgesic levels, including a larger demand 
dose.28,167 Patients may need frequent adjustment (e.g., 
two to three times each day) of the intravenous PCA 
demand dose or continuous infusion, depending on the 
analgesic requirements. Response to different opioids var-
ies by individual, and if a decision is made to switch opi-
oids, the choice of opioid is probably not as important 
as using an equianalgesic dose. Patients may experience 
different side effects with different opioids, and rotat-
ing to another opioid may be reasonable if the patient is 
not tolerating the first opioid.169 Adjuvant drugs such as 
NSAIDs should be administered on a regularly scheduled 
basis to optimize analgesic efficacy and possibly provide 

TABLE 98-7 GUIDELINES FOR EQUIANALGESIC 
DOSING OF OPIOID AGONISTS

Drug

Relative Strength 
Compared With 
Morphine

Equianalgesic  
Dose (mg)

Oral Parenteral

Morphine -- 30 10
Buprenorphine Much much 

stronger
N/A 0.4 (7.5  

μg/hr TD)
Butorphanol Much stronger N/A 2
Codeine Weaker 200 125
Fentanyl Much much 

stronger
N/A 0.1 (16.5  

μg/hr TD)
Hydrocodone Equivalent to 

mildly weaker
30 N/A

Hydromorphone Much stronger 7.5 1.5
Levorphanol Much stronger 4 N/A
Methadone Stronger 10 5
Nalbuphine Equivalent N/A 10
Oxycodone Stronger 20 N/A
Oxymorphone Stronger 10 1
Pentazocine Weaker 150 60
Tapentadol Weaker 100 N/A
Tramadol Much Weaker 300 N/A

Equianalgesic doses are approximate and intended to serve only as an 
estimate of opioid requirements. Actual doses may vary, in part because 
of wide interpatient variability in response to opioids. Doses should be 
individualized and gradually titrated to effect. TD, Transdermal.



an opioid-sparing effect. Use of regional analgesic tech-
niques with neuraxial opioids may provide excellent 
analgesia in opioid-tolerant patients while theoretically 
preventing withdrawal symptoms, although the clinician 
should be prepared to diagnose and treat perioperative 
opioid withdrawal in these patients.

After the patient is tolerating oral intake, conversion 
from intravenous opioids to oral form that would be more 
suitable for discharge home may be initiated. Opioid-
tolerant patients can generally be converted to a com-
bination of a regularly administered, controlled-release 
formulation of opioid (i.e., sustained-release morphine) 
and a short-acting, immediate-release opioid on a PRN 
basis. Although conversion of intravenous opioid to an 
oral form can be accomplished over a period of 1 to 2 days 
in opioid-tolerant patients, this process may take several 
days in extremely difficult cases. In patients with a rela-
tively high basal requirement of intravenous opioid (e.g., 
high, continuous background infusion of intravenous opi-
oid PCA), clinicians should be aware not to abruptly dis-
continue the intravenous infusion of opioid during this 
transition but ideally decrease the high basal requirement 
of intravenous opioid in a stepwise fashion to account for 
the slower onset of the sustained release. Converting from 
an intravenous to an oral form of opioid is not an exact 
science, and the conversion tables available can serve only 
as a rough guide because of significant interpatient and 
intrapatient variability in the sensitivity to opioids, lack of 
complete cross-tolerance between opioids (which may lead 
to greater than anticipated potency of a new opioid), and 
changes in the level of pain, which may rapidly decrease 
in the immediate postoperative period.168 Because of these 
factors, conversion of approximately 50% to 75% of the 
equianalgesic dose to a sustained-release preparation of 
opioid or a transdermal fentanyl patch, with the remain-
der converted to a short-acting opioid delivered on a PRN 
basis, may be a reasonable starting point in patients whose 
pain is reasonably controlled, although additional titra-
tion may be necessary.

Although opioids are most commonly used in these 
patients, with consultation of the inpatient pain services 
(if available), the physicians can consider the use of anal-
gesic (low-dose) ketamine.170 Ketamine can be given as 
a basal infusion as a part of the ketamine PCA or a com-
bination ketamine and opioid PCA, subcutaneously, or 
orally. Ketamine may have significant advantages (such 
as greater analgesic response, less frequent rates of respira-
tory depression, and minimal impact on the gastrointesti-
nal system) over further opioid use in the opioid-tolerant 
or chronic pain patient in the postoperative setting.

Patients taking medications containing buprenor-
phine have some challenges similar to those of opioid-
tolerant or chronic pain patients in the perioperative 
setting, but these patients also have the added difficulties 
associated with the partial μ-opioid agonist pharmaco-
dynamics of buprenorphine. Although buprenorphine is 
a partial agonist, when given in conjunction with a full 
μ-opioid agonist, it functions as a pharmacologic antago-
nist. Further, with buprenorphine, the time to dissocia-
tion from the opioid receptor is variable; therefore, when 
used in combination with a full agonist, it is challeng-
ing to time the switch from antagonism of the μ-opioid 
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receptor action to the full agonism of the morphine, oxy-
codone, hydromorphone, and other similar opioids. This 
can create a dangerous situation in which a previously 
appropriate dosage of one of the full agonists becomes 
enough to result in respiratory depression or other dose-
related adverse events. Although it is ideal to not take 
buprenorphine for 2 days before surgery, this is often 
not feasible in many surgical settings, in which patients 
are first seen by the anesthesiologist directly before the 
operation. In situations in which patients have not dis-
continued their buprenorphine therapy well in advance 
of their surgery, the patient should receive baseline 
buprenorphine via sublingual or transdermal routes. 
Alternatively and if necessary, convert the patient’s 
buprenorphine requirements to an intravenous equiva-
lent while the patient is in the immediate perioperative 
period. Although the patient is maintained on a stable 
dosage of buprenorphine, additional full agonist opi-
oids may be titrated to pain reduction, or alternatively, 
nonopioid adjuvants (including clonidine, ketamine, or 
dexmedetomidine) can be used instead of opioids for the 
patient’s postoperative pain.

PEDIATRIC PATIENTS

As in adults, undertreatment of acute pain occurs in a 
substantial percentage of children.171 Pediatric patients 
continue to be undertreated.167 In addition to anatomic, 
physiologic, pharmacodynamic, and pharmacokinetic 
differences between children and adults, there are barriers 
unique to pediatric patients that may interfere with effec-
tive postoperative pain control. Control of postoperative 
pain is important in pediatric patients because poor pain 
control may result in increased morbidity or mortality.172

Some of the most important barriers to pain control in 
pediatric patients are the myths that children and infants 
do not feel pain, that pain is not remembered, and that 
there are no untoward consequences of experiencing 
pain.171 These incorrect assumptions may hinder man-
agement of pediatric pain. Because of developmental, 
cognitive, and emotional differences, assessment of pain 
in pediatric patients can be difficult. Pediatric patients 
may have difficulty conceptualizing and quantifying 
a subjective experience such as pain. The lack of rou-
tine assessment and reassessment of pain may interfere 
with effective acute pain management.171 Special scales 
are available to assist young children in self-reporting 
of pain; however, interpretation of behavior and physi-
ologic parameters may be used to estimate pain intensity 
in preverbal children or those who cannot self-report 
their pain. Furthermore, assessing pain in children with 
intellectual disabilities presents unique challenges.173

A plan for postoperative pain management should 
be discussed with the family and patient before surgery 
because pediatric patients may have many anxieties about 
pain and analgesic use after surgery. In general, the oral 
route of analgesic administration is preferred for mild to 
moderate pain. Intravenous or regional analgesia is appro-
priate for moderate to severe postoperative pain.171,174 
Use of intramuscular injections is strongly discouraged 
because of the pain associated with injection and variable 
absorption of analgesic medications. Fear of needles may 
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inhibit control of postoperative pain because pediatric 
patients may choose to suffer in silence rather than receive 
a painful and anxiety-provoking intramuscular injection. 
Addressing medication-related side effects is important to 
alleviate patient-related distress and improve compliance 
with the postoperative analgesic regimen.

Use of an intravenous PCA device allows individu-
alization of analgesic requirements and offers pediatric 
patients autonomy. Children as young as 4 years have 
the cognitive and physical capability to appropriately 
use an intravenous PCA device.175 Although morphine is 
the standard by which other opioids are compared, mor-
phine does not appear to have an analgesic advantage 
over other opioids (e.g., hydromorphone) when given in 
equianalgesic doses. Because of toxicity from its metabo-
lite and much better alternatives, meperidine should not 
be used in the pain management of pediatric (or adult) 
patients.171 A meta-analysis examining whether the addi-
tion of a background or continuous infusion to an intra-
venous PCA opioid regimen would be associated with an 
increased risk of respiratory depression indicated that 
the addition of a continuous or background infusion was 
associated with a higher incidence of respiratory events 
in adult but not in pediatric patients.29 Nurse- or parent-
controlled analgesia is also effective and may be used in 
certain circumstances, but close monitoring of the patient 
may be needed because significant respiratory depres-
sion occurs in approximately 1.7% of patients (although 
some data suggest that children receiving PCA by proxy 
do not have a higher incidence of adverse events com-
pared with those not receiving PCA by proxy176,177). For 
pediatric patients unable to use intravenous PCA, con-
tinuous infusions or intermittent intravenous adminis-
tration of opioids is effective in providing postoperative 
analgesia.178 Although respiratory depression may occur 
with opioids regardless of the route administered, clini-
cally significant respiratory depression in pediatric 
patients is relatively uncommon.175 Unlike adults, pedi-
atric patients do not appear to exhibit multiple episodes 
of clinically significant oxygen desaturation postopera-
tively when treated with neuraxial, intravenous, or intra-
muscular opioids.179 Use of nonopioid analgesic agents, 
such as NSAIDs or acetaminophen, may improve over-
all analgesia, reduce the amount of opioid used postop-
eratively, and decrease some opioid-related side effects 
such as postoperative nausea and vomiting.180 For rec-
tal administration of acetaminophen postoperatively, 
a larger dose (40 mg/kg followed by three doses of 20 
mg/kg at 6-hour intervals) than that previously recom-
mended may result in appropriate serum analgesic lev-
els.181 In addition, other analgesics such as ketamine and 
tramadol may be considered as adjunct analgesic drugs 
for the treatment of postoperative pediatric pain in spe-
cific clinical situations.66,182

Peripheral and neuraxial regional analgesic techniques 
are commonly used and effective for acute pain manage-
ment in pediatric patients. The use of ultrasound-guided 
regional analgesic techniques has been described and 
may further increase the use of efficacious regional anal-
gesic techniques for pediatric postoperative pain man-
agement.183 One of the more frequently used techniques 
is epidural analgesia, which can be delivered as a single 
dose or by using a continuous-infusion catheter tech-
nique. The catheter may be inserted (typically using gen-
eral anesthesia) anywhere along the epidural space (e.g., 
thoracic, lumbar, caudal), but the caudal approach seems 
to be the most common technique because the catheter 
can be easily advanced cephalad to the appropriate der-
matome. Local anesthetics or opioids, or both, can be 
administered through the epidural catheter or needle to 
provide effective postoperative analgesia. Although epi-
dural (caudal) analgesia may be safely administered to 
neonates, the clinician should recognize that the maxi-
mal continuous infusion dose is probably smaller than 
that in older children because of lower levels of α1-acid 
glycoprotein (which binds local anesthetics) and dimin-
ished ability of the relatively immature liver to metabo-
lize amide local anesthetics.184 The addition of adjuvant 
drugs, such as clonidine, in the epidural infusion may 
enhance postoperative analgesia.185

Continuous epidural (caudal) analgesia may be used 
in the postoperative setting, and the infection rate asso-
ciated with continuous epidural analgesia is extremely 
low despite the relatively high colonization rate.125 In 
addition, continuous peripheral catheter techniques can 
be used effectively in pediatric patients. Regional anal-
gesic techniques may be useful in providing analgesia 
for wound incision (e.g., herniorrhaphy or orchiopexy), 
thoracotomy, and orthopedic procedures.186 Local anes-
thetics may also be administered topically to provide 
analgesia. Despite a lack of data comparing outcomes for 
regional analgesia versus systemic opioids in the pediatric 
population, some evidence suggests that the use of epi-
dural analgesia is associated with improvement in some 
outcomes such as earlier tracheal extubation, return of 
gastrointestinal function, and length of hospital stay.187 
Finally, other modalities such as acupuncture may be a 
potentially useful adjunct for the treatment of pediat-
ric postoperative pain, although further large-scale ran-
domized, controlled clinical trials are needed to define 
the role of these modalities in the treatment of pediatric 
postoperative pain.188

OBESITY AND OBSTRUCTIVE SLEEP APNEA

Patients with obesity and obstructive sleep apnea (OSA) 
may be at a more frequent risk for postoperative com-
plications. Obesity and OSA are separate disease states, 
but some association exists between the two because OSA 
occurs in a relatively higher percentage of obese than 
nonobese patients.189 Epidural analgesia may decrease 
postoperative complications in obese patients190; yet the 
optimal postoperative analgesic and monitoring regimen 
for patients with OSA is not clear. Data suggest that sleep 
is disrupted in the immediate postoperative period and 
may influence postoperative morbidity and patient-ori-
ented outcomes.

Obesity is defined as a body mass index (BMI) of 
greater than 30 kg/m2, with morbid and supermorbid 
obesity defined as BMI of greater than 35 kg/m2 and 55 
kg/m2, respectively. The prevalence of obesity has con-
tinued to increase over the past decades to epidemic 
proportions (including children and adolescents) and is 
similar across different ethnic, educational, and income 



groups.191-194 Although obese patients do not necessarily 
have OSA, obesity is the most important physical charac-
teristic associated with OSA. Approximately 60% to 90% 
of OSA patients are obese, and at least 5% of morbidly 
obese patients have OSA, which is defined as more than 
five episodes per hour of cessation of airflow for more 
than 10 seconds despite continued ventilatory effort.189 
Approximately 4% of men and 2% of women (18 mil-
lion Americans overall) have OSA, and OSA is underdi-
agnosed in up to 95% of persons.189 Patients with OSA 
are generally at higher risk for pulmonary hypertension, 
cardiomyopathy, systemic hypertension, and possibly 
myocardial infarction.195 The pathophysiology of airflow 
obstruction is related primarily to upper airway pharyn-
geal collapse, including the retropalatal, retroglossal, and 
retroepiglottic pharynx, during sleep, especially during 
rapid eye movement sleep.189 During these obstructive 
episodes, OSA patients may exhibit hypoxia, bradyar-
rhythmias or tachyarrhythmias, myocardial ischemia, 
abrupt decreases in left ventricular stroke volume and 
cardiac output, or increases in pulmonary and systemic 
blood pressure.195

Based on our understanding of the pathophysiology 
of OSA, postoperative pain management can be diffi-
cult in this population. Patients with OSA may be at an 
increased risk for respiratory arrest.196 Although it is not 
clear whether OSA will increase the risk of postoperative 
hypoxemia when compared with other morbidly obese 
subjects without OSA, morbidly obese subjects (with or 
without OSA) most likely will experience frequent oxy-
gen desaturation episodes in the postoperative period 
even with the use of supplemental oxygen.197 Use of sed-
ative doses of benzodiazepines and opioids may result in 
frequent hypoxemia and apnea, which may be especially 
dangerous in OSA patients.196 Use of nonopioids (e.g., 
tramadol, dexmedetomidine) or an opioid-sparing tech-
nique may limit some of the respiratory-related events 
postoperatively; this is supported by the fact that the rate 
of respiratory events per hour were related to postopera-
tive morphine dose.198 The risk for respiratory depression 
and arrest may be attenuated by optimizing the use of 
NSAIDs or nonopioid adjuvants (including clonidine, 
ketamine, dexmedetomidine) and by completely avoid-
ing benzodiazepines and epidural analgesia with a local 
anesthetic–based regimen. Epidural and systemic opioids 
may be associated with sudden postoperative respiratory 
arrest.196,199 Furthermore, use of regional analgesic tech-
niques (e.g., thoracic epidural analgesia) may be of ben-
efit in facilitating the recovery of spirometric values in 
obese patients.200

The American Society of Anesthesiologists Task Force 
on Perioperative Management of Patients with Obstruc-
tive Sleep Apnea created guidelines that include recom-
mendations for postoperative analgesia in patients with 
OSA.201 Although the consultants acknowledged that the 
conclusions regarding postoperative analgesic options 
were based on insufficient literature evaluating the effects 
of various analgesic techniques, the presence of equivo-
cal literature regarding the use of epidural opioids versus 
intramuscular or intravenous opioids in reducing respira-
tory depression, and insufficient literature regarding the 
addition of a basal infusion to systemic patient-controlled 
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opioids, the consultants nevertheless recommended that 
regional techniques rather than systemic opioids be used 
in an attempt to reduce the likelihood of adverse outcomes 
in patients at increased perioperative risk from OSA.201 
In addition, the consultants recommended the exclusion 
(versus inclusion) of opioids from neuraxial postopera-
tive analgesia to reduce perioperative risk and the use of 
NSAIDs to reduce adverse outcomes through their opioid-
sparing effect. The consultants were equivocal regarding 
whether avoiding a basal infusion of opioids in patients 
with OSA reduces the likelihood of adverse outcomes.201 
Unfortunately, randomized clinical trial data is lacking 
to provide definitive high-quality evidence-based recom-
mendations for the provision of postoperative analgesia 
to OSA patients.

INPATIENT PAIN SERVICES

The terms acute pain service (APS) or acute pain medi-
cine (APM) are not synonymous with the terms regional 
anesthesiology pain service (RAPS) or perioperative pain 
service (PPS). Each term describes a unique role, and the 
terminology can be confusing to other physicians in the 
health care system. APS/APM is a more comprehensive 
service than a perioperative service. APS/APM addresses 
all inpatient acute pain issues, including perioperative 
pain, medical pain, and acute-on-chronic pain, such as 
occurs with sickle cell disease, pancreatitis, and acute 
exacerbations of inflammatory bowel disease or other 
condition requiring medicinal or catheter-based tech-
niques for pain relief. PPS takes care of only periopera-
tive pain patients with the same techniques, and RAPS 
addresses only those patients with a catheter placed by 
an anesthesiologist for postoperative pain. Which type 
of service each hospital provides depends greatly on the 
local expertise, the local financial resources available, and 
the patient population. Chronic pain services developed 
from the needs of patients in hospitals with the less-
comprehensive or RAPS/PPS-type of pain service because 
these services have a very restricted treatment group. As 
academic regional anesthesiologists have expanded their 
roles to include that of the perioperative pain physician 
or the acute pain medicine physician, they have devel-
oped services that encompass all inpatient pain concerns, 
and the role or necessity of the primarily outpatient pain 
medicine physician (commonly referred to as the chronic 
pain physician) in the hospital has been reduced.

Although there are several models for the develop-
ment of APS/APM, the key organizational aspects are sim-
ilar (Box 98-2). Development and maintenance of APS/
APM requires commitment and financial support at the 
national and local (institutional and departmental) level. 
In the United States, a dichotomy exists at the national 
and third-party payer levels between the requests for 
improved inpatient pain control (along with the intro-
duction of practice guidelines or expanded roles for acute 
pain services) and the decreased reimbursement for the 
provision of such services. Because there is a substantial 
financial burden associated with the establishment of 
an inpatient pain service, large-volume or larger hospi-
tals may be more likely to have these services and access 
to more high-tech analgesic techniques such as regional 
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analgesia.202 Formal inpatient pain services using post-
operative pain protocols are more likely to be present in 
academic/teaching hospitals compared with nonteach-
ing hospitals.203 Whether inpatient pain services actu-
ally improve outcomes is unclear. Two earlier systematic 
reviews have examined the impact of acute pain services 
on patient outcomes,100,204 and although both system-
atic reviews suggest that the introduction of acute pain 
services is associated with a decrease in pain scores, the 
effect of acute pain services on the incidence of analgesic-
related side effects (e.g., nausea, vomiting), satisfaction, 
and overall costs is uncertain. Despite the direct costs 
(e.g., personnel, equipment, medication) associated with 
managing an acute pain service, no properly conducted 
pharmacoeconomic study is available to examine the cost 
effectiveness of an acute pain service. Use of postoperative 
epidural analgesia in the context of acute pain services 
may decrease the cost of patient care through shorter 
intensive care unit stays and a decreased rate of complica-
tions.10 Nevertheless, a randomized controlled trial com-
paring an anesthesiologist-led, nurse-based acute pain 
service group with patient-controlled analgesia versus a 
control group with systemic boluses of opioid analgesia 
noted that an acute pain service was likely to be cost effec-
tive when the role of the acute pain service was extended 
to a specific group of major surgical procedures.205

A dedicated inpatient pain service allows anesthesiolo-
gists to extend their presence in the field of perioperative 

educAtionAl Activity

Anesthesiologists
Residency-fellowship teaching (if applicable)
Health insurance carriers
Hospital administrators
Nurses
Patients and families
Pharmacists
Surgeons

AdMinistRAtive Activity

Economic issues
Evaluation of equipment
Human resources: pain service personnel, administrative- 

secretarial support
Institutional administrative activity
Quality improvement and assurance
Research (if applicable)

nuRsing

Continuing education and in-service training
Defining of roles in patient care
Nursing policies and procedures
Pain service nurse (if applicable)
Quality improvement and assurance

docuMentAtion

Hospital policies and procedures
Bedside pain management assessment flow sheet
Daily consultation notes
Educational packages
Protocol drive order-sets

BOX 98-2 Organizational Aspects of  
an Inpatient Pain Medicine Service
medicine, although there is no universal agreement on 
how to provide these services in a financially viable way.206 
This represents one of the numerous challenges that face 
the development of these services. If that service becomes 
valuable to the local medical scene, financial support will 
almost always follow in one way or another. As inpatient 
acute pain medicine services continue to evolve into 
comprehensive inpatient pain medicine services, there 
may be less need for a separation of acute and chronic 
pain services for inpatient pain care. The elimination of 
this duplication and the indeterminate roles of service(s) 
can reduce costs and improve continuity of patient pain 
care. Despite the costs associated with implementation 
of a comprehensive inpatient pain service, these services 
provide a valuable resource at the individual, institu-
tional, and societal levels. With the development of the 
APS/APM, we now have different training goals for the 
traditional regional anesthesiology fellowships, including 
more formal education in chronic pain conditions and 
management of these conditions while the patient is hos-
pitalized with acute illness. This would involve education 
on the medical management of these conditions in the 
short-term, maintenance of the patient’s long-term ther-
apies, and knowledge of how these long-term therapies 
interact with acute pain management.

With skills in regional anesthetic techniques and 
knowledge of the neurobiology of nociception and the 
pharmacology of analgesics and local anesthetics, as 
well as specialty education in the treatment of acute and 
chronic pain conditions, anesthesiologists are recognized 
leaders in perioperative pain relief and the development 
of acute pain services. Provision of inpatient analgesia, 
along with other services such as critical care medicine 
and preoperative evaluation, is highly compatible with 
the emerging identity of anesthesiologists as periopera-
tive physicians and enhances the role of anesthesiologists 
as valued consultants outside the operating room.
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Cognitive Dysfunction and Other  
Long-term Complications of Surger
and Anesthesia
LARS S. RASMUSSEN • JAN STYGALL • STANTON P. NEWMAN

K e y  P o i n t s

 •  The selection, measurement, and analysis of neuropsychological tests will 
influence findings with postoperative cognitive dysfunction (POCD). Patients’ 
subjective reports after surgery are unrelated to assessed neuropsychological 
change and appear to be driven by mood. Good evidence exists for POCD after 
cardiac surgery in which the mechanism is multifactorial but seems to include 
microembolization. POCD after major noncardiac surgery occurs, although the 
mechanisms are less clear than after cardiac surgery. Increased age is a risk factor 
for POCD (see Chapter 80).
Brain function is clearly altered immediately after anes-
thesia and surgery, as manifested by depressed level of 
consciousness and impairment of attention, memory, 
and reaction time. Patients also may experience complete 
amnesia for several hours after anesthesia despite appear-
ing to be completely awake. Consequently, patients often 
ask the same questions on a repetitive basis. Because of 
these issues, patients should be accompanied by an adult 
during transportation and throughout the first post-
operative night whether in a hospital or after outpatient 
surgery.

When brain function returns to normal after anesthe-
sia is not clear. If all the difficulties were due to the anes-
thetic, cognitive function should have recovered to a 
preoperative level of functioning soon after termination 
of the administration of anesthesia. If the eliminated 
anesthetics were the sole criteria, inhaled anesthetics and 
propofol would differ from slowly eliminated hypnot-
ics, such as barbiturates and benzodiazepines. However, 
anesthetics and their concentrations (dose) are among 
the many factors of importance for recovery (see also 
Chapter 30). The duration of recovery of cognition after 
anesthesia and surgery is multifactorial and depends on 
the type of anesthesia used, type of surgery, and char-
acteristics of the patient. In some individuals, cognitive 
recovery is rapid (within a matter of hours), whereas in 
others brain function may be disturbed for a much lon-
ger time. The concept of postoperative disturbance in 
cognition is not new and has often been referred to as 
postoperative cognitive dysfunction (POCD). The term 
is used variably and should be distinguished among the 
following three types of cognitive deterioration after 
surgery:
  
 1.  Delirium is usually easily recognized, being an acute 
condition with fluctuating course, characterized by dis-
turbances in attention combined with either a change 
in level of consciousness or disorganized thinking. The 
duration is usually a few days, and the degree of sever-
ity ranges from mild to severe.

 2.  Short-term cognitive disturbance may be apparent in 
the days after surgery. This occurs relatively frequently 
and may be due to a combination of factors, including 
surgery and anesthetics. This cognitive disturbance is of 
short duration and does not persist beyond a few days 
after surgery. A neuropsychological assessment is an 
excellent choice, but frequently screening tests such as 
the Mini–Mental State Examination (MMSE) have been 
used. Some studies have assessed POCD in the first few 
hours and days after anesthesia. The results from some 
of these studies are described in this chapter.

 3.  What we consider true POCD is a subtle deterioration 
in cognitive function, lasting for weeks, months, or 
longer; and neuropsychological testing is needed for 
verification. It can be considered to be a mild cogni-
tive disorder characterized by impairment of memory, 
learning difficulties, and reduced ability to concentrate.

  

All of these different forms of postoperative cogni-
tive disturbance are to be distinguished from demen-
tia. Dementia is a syndrome that is due to disease of 
the brain, usually of a chronic or progressive nature, in 
which profound disturbance occurs in multiple higher 
cortical functions, including memory, thinking, orien-
tation, comprehension, calculation, learning capacity, 
language, and judgment. Consciousness is not clouded. 
The impairment of cognitive function is associated with 
2999



3

a
m
c

D
C

T
t
s
l
p
d

N
S

N
t
d
c
m
b
b
t
t
t
t
t
r
n
p
j
a
a
e
b
l
t
l
c
i
i
p
t

i
S
M
a
p
m
r
p
i
c
o
t
a
n
t

PART VII: Postoperative Care000

 deterioration in emotional control, social behavior, or 
otivation. Dementia is usually diagnosed only if the 

ondition has been present for at least 6 months.

ETECTION OF POSTOPERATIVE 
OGNITIVE DYSFUNCTION

he incidence of POCD varies widely across studies even 
hough the conduct of surgery and anesthesia may be 
imilar. Besides individual patient differences, methodo-
ogic issues such as the choice of test battery, the time of 
ostoperative assessments, and the method of analysis to 
etermine POCD may be the source of differences.

EUROPSYCHOLOGICAL TESTING IN 
URGICAL PATIENTS

europsychological assessment tools are used to objec-
ively measure cognitive function. The tests used in the 
etection of POCD, unlike many employed in a clini-
al assessment, must be sensitive to change. The assess-
ent tools should be sensitive to potentially diffuse 

rain injury; therefore, these measures should form a 
attery of tests that attempt to cover a range of cogni-
ive domains, such as memory, attention, concentra-
ion, and perceptual and motor ability. Because of the 
ime constraints imposed by the surgical environment, 
he time set aside to conduct these tests is often limited; 
herefore, the battery of tests by necessity frequently 
epresents a compromise. A review of POCD studies in 
oncardiac surgery1 indicated that 70 different neuro-
sychological assessment tools had been used in con-

unction with 9 composite batteries, with between 1 
nd 13 tests used per study. The domains most often 
ssessed were memory and learning. However, differ-
nces in the number of tests used can be problematic, 
ecause when more tests are used, dysfunction is more 
ikely to be detected. However, even the definition used 
o determine whether POCD is present varies. Using a 
engthy battery of tests is a problem, because they can 
ause fatigue in patients. Maintaining patient interest 
s often achieved by the variety of tests employed, but, 
n addition, interest can be maintained by alternating 
aper and pencil, computerized, manual, and verbal 
asks.

Early studies investigating POCD often used traditional 
ntelligence tests such as the Wechsler Adult Intelligence 
cale (WAIS or WAIS-R) or screening tests such as the 
MSE. Although these batteries are highly reliable, they 

re insensitive to the more subtle changes that may occur 
ostoperatively.2,3 These batteries have been replaced by 
any neuropsychological assessment tools designed for 

epeated assessments, many of which have been com-
uterized to ease administration and improve standard-

zation. Assessments are performed by a range of health 
are and non–health care professionals. The assessment 
f brain function requires expertise, particularly in how 
o present the tests and address patient responses. Ide-
lly, the tests should be administered by the same trained 
europsychologist in the same quiet environment at each 

esting session.
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iming of Assessments
 very important issue regarding the measurement of 
OCD is the timing of assessments. The timings of pre-
perative assessments have varied widely, ranging from 
ithin weeks of surgery to 1 day before surgery or even 

he day of surgery. Patients are frequently anxious about 
urgery and anesthesia. Although preoperative anxiety is 
ot apparent on neuropsychological tests that have been 
mployed in most POCD studies, whether levels of both 
nxiety and depression may have an impact on the cogni-
ive tests employed should be assessed.

Cognitive problems are frequently observed and often 
ransitory in patients in the immediate postoperative 
eriod. These early assessments may well be detecting 
 transient disturbance of cognition. The assessments 
onducted postoperatively may be influenced by general 
ostoperative readjustment, opioids, pain, and fatigue. 
ssessments conducted later in the recovery period (at 

east 4 weeks after surgery) are more likely to detect a 
ersistent and clinically important change.

A relevant question is whether the early indications of 
ognitive disturbance are in any way predictive of longer 
erm difficulties in cognition. Early predischarge assess-

ents may predict longer term decline,4-6 but the associa-
ion is neither simple nor clear.

nalysis
any methods can measure and define dysfunction. Some 

tudies have used a significant difference between post-
perative and normative scores7 and others a cutoff on 
 screening measure.8-11 In a third approach, two differ-
nt surgical and anesthetic groups were compared.12,13 A 
ourth approach compared a surgical group and a control 
roup.14,15 In other studies, a fifth approach analyzed neuro-
sychological test data as multiple comparisons of variables 

n the test battery. This approach provides the sensitivity 
o detect even small differences, but the risk for a type 1 
rror is high. In addition, this analysis is not well suited to 
ddress whether deterioration has occurred, because it is 
ased on group means rather than individual change; no 
ncidence of cognitive decline can be calculated.11,16

Many researchers have adopted a sixth method that uses 
n “individual change” approach in which each participant 
cts as the control. Here the participant’s score postopera-
ively is compared with the preoperative score. Then a sta-
istically defined criterion is used to rate the participant 
s having or not having POCD. However, this statistically 
efined criterion is not uniform over studies; for example, 
haw and associates17 defined POCD as a decline in per-
ormance equal to or more than 1 standard deviation (SD) 
rom the preoperative score in 1 or more neuropsychologi-
al tests, Yet, this same decline needed to be present in two 
r more tests before Treasure and co-workers18 rated the 
articipant as having POCD. Other investigators have used 
he same decline of 1 SD but in 1 of 21 tests and 4 of 21,19 
nd yet others have defined POCD as being a 20% decline 
n 20% of tests.20 The advantage of this binary approach is 
hat it defines and categorizes individual performance into 
n entity that appears meaningful in a clinical environ-
ent and is easily understood. However, these definitions 

re statistically derived and have no intrinsic meaning or 
elationship to brain injury. Another disadvantage is that 
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these methods take into account only deterioration without 
considering improvement. Because the neuropsychological 
tests used in studies of the detection of POCD should be 
sensitive to change, they are amenable to repeated admin-
istration. However, if two assessments are conducted with 
only a short time between them, learning can occur. This 
may be due to an increased familiarity with the tests or 
differing strategies employed when completing the assess-
ments. Although many attempts are made to reduce these 
learning effects, such as use of parallel equivalent forms, it 
is almost impossible to remove them from repeat testing. 
Perhaps, one measure of cerebral damage is the inability to 
learn a task or strategy that is the underlying basis of prac-
tice effects. This learning has been apparent in many POCD 
studies.9,21 Therefore, the form of analysis used should take 
into account any learning, or failure to learn, occurring 
postoperatively.

One such study that took learning into account was 
that of Williams-Russo and associates,22 who examined 
individual change after establishing a clinically important 
difference score for each test. When studies have employed 
a control group, the effect of learning can be assessed. The 
multicenter International Study of Post-Operative Cogni-
tive Dysfunction (ISPOCD) group23 compared the mean of 
the neuropsychological test score change obtained from 
a healthy control group over three assessments to that of 
a surgical group. The mean of the control group changes 
was used as an estimation of learning. The mean was sub-
tracted from the surgical participants’ change score and 
the result divided by the SD of the corresponding change 
in the control group to obtain a Z score for each test. 
Using a Z score allows the scores for each individual test 
to be combined to obtain a composite neuropsychological 
score. The authors also applied a cutoff score to identify 
POCD, which they defined as when the Z scores on two 
individual tests or the combined Z score reached 1.96 or 
more (the higher the score, the more deterioration).

The definition of what defines a control group is some-
times not obvious. Using a control group strengthens a 
study considerably and allows the influence of variables 
such as learning to be assessed, yet what constitutes an 
appropriate control group? POCD studies have used vari-
ous types of control groups, such as healthy volunteers, 
friends, and relatives of the participants under study; 
patients with other conditions; and patients with the same 
condition but not undergoing surgery.24,25 However, in 
POCD, no ideal control exists. For example, using healthy 
volunteers fails to take account of any nonspecific effects 
of having the condition on cognition. Using patients 
with different conditions as controls assumes equivalence 
in cognition and learning between the conditions of the 
control and that of the groups of interest. When consid-
ering participants with the same condition who do not 
undergo surgery because of either a surgical decision or 
patient choice, the groups could differ on important clini-
cal factors because the allocation to groups is not random.

LIMITATIONS OF NEUROPSYCHOLOGICAL 
STUDIES

Patients need to be cognitively able to complete neu-
ropsychological tests at baseline; therefore, only 
Long-term Complications of Surgery and Anesthesia 3001

atients without preoperative brain disease have been 
ncluded in these studies. Also, patients undergoing 
mergency procedures have not been studied owing 
o difficulties with obtaining a reliable evaluation  
reoperatively.

In these studies, especially the long-term follow-up 
tudies, some patients die or are too ill to return to be 
ssessed and, in addition, some choose not to participate 
n follow-up. In some cases, those who are particularly 
ell and have returned to work may see no purpose in 

urther contact and are lost to follow-up. The attrition 
s unlikely to be random but may be more influenced 
y travel distance and inconvenience. Not unexpect-
dly, attrition rates are less for shorter follow-up.1 Sicker 
atients are more likely to be unavailable for follow-up.25 
ttrition is more frequent among those with lower intel-

igent quotients5 and lower levels of education.26 Perhaps 
he incidence of POCD would be higher or different if all 
atients had been assessed.

UBJECTIVE COGNITION AND PROXY 
ATINGS OF COGNITIVE CHANGE

lthough neuropsychological tests are the most fre-
uently used approach to detect POCD, another 
ethod sometimes employed is self-report of cognitive 

hanges.27-30 These types of studies have used measures 
uch as the Cognitive Failures Questionnaire, the Cogni-
ive Behavior Rating Scale, the Cognitive Difficulties 
cale, or interviews and have reported subjective cogni-
ive dysfunction after surgery. For example, Khatri and 
o-workers,28 using the Cognitive Difficulties Scale, found 
hat 16% of patients rated themselves as having cogni-
ive difficulties 6 weeks after coronary artery bypass graft 
CABG) surgery. Also, comparing local anesthesia with 
eneral anesthesia, Ward and associates30 found that a 
tatistically significant impairment of perceived cognitive 
unction using the Cognitive Failures Questionnaire was 
eported by patients who had undergone general anes-
hesia but not those who had undergone local anesthesia  
 days previously.

Although studies have been conducted to ascertain 
he reliability of proxy respondents in relation to qua-
ity of life of patients in a range of clinical cohorts,31 
ery little research has been conducted regarding cogni-
ion. Thornton and associates32 found that cognitive 
hanges were likely to be noticed by the patient’s spouse 
r a close relative. Another study by Bergh and associ-
tes33 found that a spouse’s ratings of the patient’s con-
entration and memory were in agreement with that 
f the patient. A clear relationship between patients’ 
ubjective reports and formally assessed cognition has 
ot been found. Many studies have found a stronger 
elationship between mood and patient perception of 
ognitive changes after surgery and anesthesia than 
etween neuropsychological test scores and subjec-
ive reports,28,34-37 with patients who are more anxious 
nd depressed reporting more cognitive problems. This 
ay be due to patients who are emotionally distressed 

orming a negative information-processing bias, which 
n turn leads to distorted perceptions of cognitive 
erformance.28,34,36
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INCIDENCE AND RISK FACTORS 
FOR POSTOPERATIVE COGNITIVE 
DYSFUNCTION AFTER CARDIAC SURGERY

The incidence of POCD after cardiac surgery (coronary 
artery bypass, valve replacement or repair, or both) is 50% 
to 70% in the first postoperative week, 30% to 50% after 6 
weeks, and 20% to 40% at 6 months and 1 year (see also 
Chapter 67).38 This variability is, as discussed previously, 
due in part to the problems of methodology, such as dif-
fering neuropsychological tests used, timing of assessments, 
and definitions of decline. In an attempt to reduce this vari-
ability, a consensus meeting developed guidelines for neu-
ropsychological tests conducted to assess cardiac POCD.39

Despite variability in incidence, timing, types of tests, 
and analysis, a general consensus appears to exist that POCD 
after cardiac surgery does occur in a proportion of patients. 
The cause is probably multifactorial, although the use of car-
diopulmonary bypass (CPB) often has been implicated.

INTERVENTIONS TO REDUCE THE 
INCIDENCE OF COGNITIVE DECLINE IN 
CONNECTION WITH CARDIAC SURGERY

Strategies to reduce the incidence of cerebral complications 
after cardiac surgery are based on perceived problems (see 
also Chapter 67). Significant risk factors include advanced 
age (see Chapter 80), untreatable poor left ventricular func-
tion, and duration of CPB. Of these, only the last factor 
is modifiable by either changing the management of CPB 
and related techniques or avoiding CPB completely.

CPB involves numerous violations of normal physiology. 
The length of time on bypass has tended to be related to 
POCD, suggesting that something in the CPB procedure is 
deleterious to the brain.40,41 Important intraoperative causa-
tive agents are cerebral microemboli, which can be either 
particulate (e.g., atheroma, fat, platelet aggregates) or air. 
Microemboli occurring in the cerebral circulation can be 
detected noninvasively using continuous transcranial Dop-
pler imaging of the middle cerebral artery. In this technique, 
the number of microemboli is related to the length of time 
on bypass. Microemboli found in the brains of patients who 
have died soon after cardiac surgery are related to the length 
of time on CPB.42 However, the relationship between POCD 
in cardiac surgery and microemboli is not always clear, with 
some studies finding an association43-45 and others not.46-48  
This relationship is complicated by a range of factors, 
including the size and final distribution in the brain of the 
microemboli. This final location of the microemboli is an 
important factor because they may be lodged in an area not 
covered by the neuropsychological tests used or in an area 
less important for cognition. Presumably, solid microemboli 
are more likely to cause damage than gaseous microemboli, 
but no clear evidence supports this conclusion.

MANAGEMENT OF CARDIOPULMONARY 
BYPASS

pH Management
Management of pH during hypothermia can be carried 
out as pH-stat or α-stat management (see also Chapters 
54 and 67).49 α-Stat management may lead to better 
neurologic and cognitive outcomes. Stephan and co-
workers50 found marked cerebral hyperemia and an 
increase in neurologic events 7 days after surgery when 
using pH-stat management. Although Bashein and col-
leagues51 found no difference in neuropsychological 
test outcome between these two techniques, both Mur-
kin and associates52 and Patel and colleagues49 have 
shown that α-stat is associated with less neuropsycho-
logical test result deterioration than that with pH-stat 
management.

Temperature
Hypothermia can prolong the safe period of circulatory 
arrest (see also Chapter 54). Hypothermic perfusion has 
been used routinely for both valve and CABG surgery 
(see also Chapter 67). Recently, normothermia and 
normothermic cardioplegia have been used for myocar-
dial protection, but neuroprotection may be compro-
mised. Studies produced conflicting results, with some 
showing that normothermic perfusion may be poten-
tially harmful53-55 and others finding no difference.56-58 
Because a small decrease in temperature is neuroprotec-
tive, the failure to find an advantage for hypothermia in 
clinical trials is surprising. However, brain hypothermia 
may not be guaranteed in all patients and the process of 
rewarming to normothermia may be harmful. Neurons 
may be injured by rewarming to 38° C. Perhaps rapid 
rewarming may force anesthetic and other gases out of 
solution and thereby produce microemboli. However, 
Buss and associates59 found no effect on neuropsycho-
logical test outcome of rewarming temperature exceed-
ing 38° C in contrast to lower temperatures. Nathan 
and colleagues60 found that hypothermia may be cog-
nitively beneficial.

Temperature regulation in the postoperative period 
is not clear. Grocott and co-workers61 examined POCD 
in relation to temperature in the first 24 hours after sur-
gery. Although they found no association between the 
area under the curve above 37° C during this period, 
they did find a direct relationship between POCD at 
6 weeks after surgery and the maximum temperature 
achieved.

Arterial Line Filtration
Arterial line filters, which are an optional addition to 
the CPB circuit, are designed to prevent extraneous 
matter in the circuit from entering the patient (see 
also Chapter 67). Two studies found that the number 
of microemboli detected in the middle cerebral artery 
was significantly reduced when an arterial line filter 
was used.62,63 Although two earlier studies reported that 
arterial line filters made no difference to cognitive out-
come,64,65 a further study by Pugsley and co-workers63 
found less POCD in the filter group (46% filter versus 
71% nonfilter; P = .05) 8 days after surgery and (8% filter 
versus 27% nonfilter, P = .03) at 8 weeks. The two ear-
lier studies conducted their assessments only during the 
acute in-hospital phase, which may have confounded 
the results, whereas Pugsley and co-workers63 were able 
to demonstrate an even more pronounced effect at 8 
weeks.
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Pulsatile Versus Nonpulsatile
Although nonpulsatile CPB is the most commonly prac-
ticed form of perfusion, pulsatile flow may be more 
physiologic (see also Chapter 67). A study by Murkin and 
colleagues52 found no differences in neuropsychological 
benefits from pulsatile versus nonpulsatile flow.

Hematocrit
The hematocrit value may be related to outcome after 
CABG. Habib and associates66 found that the lowest quin-
tile of hematocrit was related to vital organ dysfunction, 
morbidity, and 6-year survival in a survey of 5000 consecu-
tive operations. Also, Karkouti and colleagues67 found a 
positive association between the risk for perioperative 
stroke and the lowest operative hematocrit. However, in 
a study examining cognitive dysfunction, Harrison and 
associates68 found no correlation between cognitive 
outcome and hematocrit.

Blood Glucose Management
The relationship between POCD and hyperglycemia after 
cardiac surgery is not well defined69 (see also Chapter 39). 
However, a study conducted by Puskas and associates70 
of 525 patients undergoing CABG found that hypergly-
cemia was associated with a decrease in cognitive per-
formance at 6 weeks after surgery in patients without 
diabetes, whereas hyperglycemia had no effect on cogni-
tion in patients with diabetes.

Type of Oxygenator
Oxygenators have undergone considerable develop-
ment over the years (see also Chapter 67). Early studies 
compared the two types of oxygenators (bubble versus 
membrane). Padayachee and colleagues71 found that 
membrane oxygenators produced fewer cerebral micro-
emboli detected by transcranial Doppler imaging than 
bubble oxygenators. Also, two studies suggest that POCD 
is reduced when membrane oxygenators are used rather 
than bubble oxygenators.72,73 The nearly universal use of 
membrane oxygenators is likely to have a beneficial effect 
on neuropsychological test outcome.

Avoiding Cardiopulmonary Bypass
The resurgence of off-pump coronary artery bypass 
(OPCAB) surgery as a common technique for multives-
sel revascularization has paved the way for research into 
isolating the role that CPB plays in neurologic and neu-
ropsychological decline after CABG surgery. OPCAB sur-
gery may reduce the number of microemboli and strokes. 
Three recent meta-analysis studies,74-76 while showing a 
trend toward an advantage for OPCAB over conventional 
CABG for incidence of stroke, failed to find a significant 
difference.

Studies reporting neuropsychological outcome are 
equally inconsistent. Poorer cognitive outcome at 
both 1 and 10 weeks was reported in patients undergo-
ing on-pump surgery compared with OPCAB.77 A large  
(N = 281) randomized study also found that neuropsy-
chological performance at 3 months after surgery was 
better in patients undergoing OPCAB; however, these 
differences had disappeared by the 12-month78 and 
5-year79 follow-up assessments. Subjective reports of 
r Long-term Complications of Surgery and Anesthesia 3003

cognitive difficulties have also been found to be similar 
at 1 year after surgery.80 A further study by van Dijk and 
colleagues in 20046 found that early cognitive decline 
in patients undergoing first-time CABG predicted cog-
nitive outcome after 3 months but suggested that this 
early cognitive decline was not significantly influenced 
by the use of CPB.

Management of Atherosclerosis of the 
Ascending Aorta
Embolization may result from dislodgment of athe-
romatous material during handling of the aorta—for 
instance, when cannulation is conducted (see also 
Chapters 67 and 69). Identification of plaques may 
therefore be advantageous to change the site of can-
nulation or carry out a coronary artery bypass as an off-
pump procedure. That identification is often based on 
palpation, but ultrasound is clearly more sensitive. Epi-
aortic ultrasound to detect atheroma has been found 
to be associated with a reduction in the incidence of 
POCD.81

PHARMACOLOGIC TECHNIQUES TO 
PROTECT THE BRAIN IN CARDIAC SURGERY

Putative neuroprotective drugs have had variable results 
in protecting the brain (Table 99-1). Furthermore, many 
of the studies were underpowered, making their findings 
unreliable. The previously reported benefit of lidocaine 
has subsequently been refuted.

INCIDENCE AND RISK FACTORS 
FOR POSTOPERATIVE COGNITIVE 
DYSFUNCTION AFTER NONCARDIAC 
SURGERY

Whether cognitive function deteriorates postoperatively 
in noncardiac surgery was examined more than 50 years 
ago by Bedford in 1955.82 The findings were based on 
subjective observations and questioning of relatives or 
caretakers. Using these techniques he concluded that 
7% (18 of 251) of patients older than 65 years of age 
became “demented” (not in the way it is used earlier) 
after undergoing general anesthesia (see also Chapter 
80). Clearly, a lack of objective verification existed, such 
as means testing of cognitive function by neuropsycho-
logical testing. Subsequently, Simpson and associates83 
reported no significant connection between anesthe-
sia and decreased mental performance in 620 elderly 
patients.

Early studies of POCD tended to recruit a small num-
ber of participants. Therefore, many of these early stud-
ies did not have the statistical power to detect POCD. 
In addition, several investigators examined participants 
on whom a limited number of neuropsychological tests 
had been performed. The resultant analysis was often 
unclear and different across the studies. Nonetheless, 
the evidence for POCD after noncardiac surgery began 
to accumulate. For example, Grichnik and co-workers20 
found POCD in 45% of a sample of 29 patients with a 
mean age of 60 years at 6 to 12 weeks after thoracic or 
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TABLE 99-1 RANDOMIZED TRIALS OF PHARMACOLOGIC INTERVENTION TO REDUCE COGNITIVE 
DYSFUNCTION AFTER CARDIAC SURGERY

Authors Year Drug No. Result

Nussmeier et al139 1986 Thiopental 182 complete Neuropsychological test results showed no 
difference at 5 days

Roach et al140 1999 Propofol 99 complete No significant difference at days 5-7 or days 50-70
Legault et al141 1996 Nimodipine 149 recruited, complete  

in 65%-69%
No significant difference, at 1 wk, 1 mo, or 6 mo 

(study terminated early)
Fish et al142 1987 Prostacyclin 74 complete No significant difference at 1 wk or 2 mo
Grieco et al143 1996 GM1 ganglioside 25 complete No significant difference at 1 wk or at 6 mo
Arrowsmith et al46 1998 Remacemide 159 complete Using incidence, no significant difference; but 

using Z-change score, significantly less POCD 
with remacemide

Butterworth et al144 1999 Pegorgotein 58 complete No significant difference at days 5-7 or wk 4-6
Mitchell et al145 1999 Lidocaine 42 complete Significantly less POCD with lidocaine at 10 days 

(40% versus 75%) and at 10 wk (46% versus 75%)
Wang et al146 2002 Lidocaine 88 complete Significantly less POCD with lidocaine (19% versus 

40%) at 9 days
Kong et al147 2002 Clomethiazole 219 complete No significant difference at 4-7 wk
Taggart et al148 2003 Lexipafant 135 complete No significant difference at discharge or 3 mo
Mathew et al149 2004 Pexelizumab 800 recruited No significant difference at day 4 or at day 30
Harmon et al150 2004 Aprotinin 35 complete Significantly less POCD in the aprotinin group: 94% 

versus 58% at day 4 and at 6 wk 23% versus 55%
Mathew et al151 2009 Lidocaine 182 complete at 6 weeks No significant difference at 6 wk or at 1 yr
Mitchell et al152 2009 Lidocaine 118 complete at 10 wk No significant difference at 10 or 25 wk
vascular surgery (see also Chapters 66 and 69). The def-
inition of POCD was similar to that in earlier studies 
in cardiac surgery, using a 20% deterioration in 20% of 
the tests (11 test variables considered) (see also Chapter 
67). In a larger study of 98 patients with a mean age of  
73 years, Ancelin and associates19 found deterioration in 
at least 1 test of 28 in 71% of patients 9 days after surgery 
and in 56% of patients at 3 months. After knee replace-
ment (see also Chapter 79), POCD was seen in 41% of 
patients at 1 week and in 18% at 3 months.84 In a much 
larger study (228 patients) including a very early assess-
ment in patients older than 64 years of age, POCD was 
found in 16.8% 1 to 2 days after noncardiac surgery. The 
definition of POCD was based on deterioration in two of 
three test variables.85 Further evidence that POCD exists 
after noncardiac surgery was provided by Williams-
Russo and colleagues,22 who reported POCD in 5% of 
231 patients older than 65 years of age at 6 months after 
knee replacement (see also Chapter 79). In this study, 
POCD was defined by a panel agreeing on what con-
stituted a “clinically important deterioration” in each 
of the applied tests; however, no control group was 
included to allow a comparison. Unfortunately, these 
studies usually did not have a control group. In contrast, 
the ISPOCD study recruited 1218 elderly patients and 
176 healthy volunteers.23 The patients underwent major 
noncardiac surgery with general anesthesia. POCD was 
found in 25.8% after 1 week and 9.9% after 3 months. 
This was significantly more frequent than in the control 
group, in whom the diagnostic criteria were fulfilled in 
only 3.4% and 2.8%, respectively. These findings were 
further supported in a single-center study using the 
same methodology, in which POCD was found in 41.4% 
of those older than 60 years of age at discharge and in 
12.7% after 3 months.86
RISK FACTORS FOR POSTOPERATIVE 
COGNITIVE DYSFUNCTION AFTER 
NONCARDIAC SURGERY

In most studies investigating POCD, the mean age of the 
participants assessed has been approximately 60 years,1 
with many studies specifically selecting participants of an 
“older” age group (see also Chapter 80). This is in part 
due to beliefs that cognitive dysfunction would be more 
likely with “older people.” However, age is a significant 
and independent risk factor for POCD; for example, after 
3 months, POCD in the ISPOCD study23 was seen in 7% 
of those aged 60 to 69 years in contrast to 14% in those 
older than 69 years. Also, Ancelin and colleagues19 found a 
relationship between increasing age and POCD. However, 
few studies of POCD have included younger patients. The 
largest study was conducted by the ISPOCD2 group and 
included 508 middle-aged patients (40 to 59 years) and 
185 control subjects of similar age.35 POCD was found in 
89 of 463 (19.2%) of the patients at 7 days and in 26 of 
422 (6.2%) at 3 months; this is compared with 7 of 176 
(4.0%) in the controls at 1 week and in 7 of 169 (4.1%) 
at 3 months. The difference in incidence of cognitive 
dysfunction between patients and controls was statisti-
cally significant (P = .001) at 1 week but not at 3 months  
(P = .33). Interestingly, when the surgical participants 
were compared with a previous group older than 60 years, 
they found the younger group showed significantly less 
POCD at both 7 days (P = .0064) and 3 months (P = .026) 
after surgery.35 These findings are similar to those in a 
recent study by Monk and co-workers86 that examined 
1064 participants undergoing major noncardiac surgery. 
A comparison was made between 331 patients aged 18 to 
39 years, 378 patients aged 40 to 59 years, and 355 patients 
aged 60 years and older. At discharge, POCD was found 
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TABLE 99-2 PROPORTION OF ELDERLY PATIENTS WITH COGNITIVE DYSFUNCTION AFTER MAJOR SURGERY 
WITH GENERAL ANESTHESIA AT 1 WEEK AND 3 MONTHS POSTOPERATIVELY BY SELECTED PATIENT, 
SURGICAL, AND ANESTHETIC FACTORS 

1 Week 3 Months

Patient, Surgical and Anesthetic Factors No. Patients Patients With POCD (%) No. Patients Patients With POCD (%)

Age (yr)
 60-69 586 135 (23) 532 39 (7)
 ≥70 425 125 (29) 378 52 (14)
Education
 <High school 576 153 (27) 518 49 (9)
 High school 290 76 (26) 260 26 (10)
 >High school 145 31 (21) 132 16 (12)
Benzodiazepines before surgery 116 32 (28) 105 5 (5)
Duration of anesthesia (min)
 ≤120 196 37 (19) 179 20 (11)
 121-240 503 121 (24) 448 40 (9)
 ≥241 312 102 (33) 283 31 (11)
Complication
 Hypoxemia* 115 30 (26) 98 11 (11)
 Hypotension† 229 59 (26) 214 20 (9)
 Respiratory complication 99 40 (40) 88 12 (14)
 Infectious complication 91 30 (33) 138 13 (9)
Second operation 24 13 (54) 50 7 (14)

*One or more episodes of oxygen saturation ≤80% for >2 minutes.
†One or more episodes of mean arterial pressure ≤60% for ≥30 minutes.
Data from Moller JT, Cluitmans P, Rasmussen LS, et al; ISPOCD investigators: Long-term postoperative cognitive dysfunction in the elderly: ISPOCD1 

study. Lancet 351:857-861, 1998.
in 36.6% of the youngest, 30.4% of the middle aged, and 
41.4% of those older than 60 years, with a significant dif-
ference among all groups. By 3 months, POCD incidence 
was similar in the young and middle-aged groups (5.7% 
and 5.6%, respectively) but a significantly more frequent 
rate was detected in the older age group (12.7%).

Risk factors for POCD other than age have been identi-
fied. Duration of anesthesia, respiratory complications, 
infectious complications, second operation and a low 
level of education were important factors in the ISPOCD1 
study.23 Surprisingly, episodes of hypoxemia or hypo-
tension had no statistically significant correlation with 
POCD. The most important results from the risk factor 
analyses of this study are shown in Table 99-2. Other 
investigators have also examined potential risk factors for 
POCD. Previous cerebrovascular accident has been iden-
tified as a significant risk factor for POCD at 3 months.86 
Ancelin and associates19 found a relationship between 
postoperative cognitive deterioration and increasing age, 
low level of education, poor preoperative test perfor-
mance, depression, and type of anesthesia (general versus 
epidural). The possible importance of type of anesthesia 
is discussed later in this chapter.

TYPE OF SURGERY

Minor Surgery
Studies of POCD after minor surgery focused primarily on 
early outcomes after outpatient surgery. Heath and asso-
ciates87 randomized 60 patients 18 to 60 years of age to 
receive thiopental-based or propofol-based anesthesia. In 
addition, 30 age-matched control subjects were included. 
Although significant differences in neuropsychological 
performance between patients and controls were found 
at 1 and 2 hours after surgery, this difference had disap-
peared by 24 hours. The ISPOCD group recruited 372 
patients undergoing minor surgery as either an inpatient 
or outpatient procedure.88 At 7 days, POCD was found in 
22 of 323 (6.8%); in 164 inpatients, 16 (9.8%) had POCD 
and 5 of 141 (3.5%) outpatients had POCD (P = .033), but 
the group allocation was not randomized (see also Chapter 
89). At 3 months the incidence of POCD between the two 
groups (8.8% for inpatients and 4.5% for outpatients) was 
not significantly different.

In conclusion, POCD after 1 week seems to be much 
less common after minor surgery than after major sur-
gery. Several factors may be important in explaining this 
difference in incidence of POCD, including the obvious dif-
ference in surgical trauma, postoperative stress response, 
postoperative pain, sleep deprivation, need for analgesia, 
and the possibility for early return to a familiar environ-
ment after early discharge. Also, a relationship between 
the inflammatory response and the extent of recovery 
after surgery may exist. Hall and colleagues89 report a 
relationship between inflammatory response as measured 
by interleukin (IL)-6 and the extent of functional recov-
ery after hip arthroplasty.

Carotid Endarterectomy
Carotid endarterectomy has been considered a procedure 
that calls for special attention regarding changes in cog-
nition function (see also Chapter 69).

It is performed in patients with a tight (i.e., narrow) 
(>70% or >90%) stenosis of the internal carotid artery. 
Postoperatively, neurologic complications may occur as a 
result of brain ischemia, embolism, or brain hyperperfu-
sion. Yet, an improvement in brain function could occur 
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if brain perfusion was corrected or perhaps because the 
carotid plaque is a source of brain emboli. However, neu-
ropsychological studies conducted in this area have pro-
duced inconsistent findings that have been highlighted 
in two systematic reviews.90,91 Improvement in cognitive 
performance after carotid endarterectomy was reported 
in over 50% of studies, with 43% showing no change or 
decline.91

REGIONAL VERSUS GENERAL ANESTHESIA

If general anesthesia is an important factor leading to 
the development of POCD, regional anesthesia would 
reduce its incidence (see also Chapters 56 and 57). In the 
randomized studies using neuropsychological testing after 
surgery, no clear picture emerges during the first post-
operative week. Significantly better neuropsychologi-
cal test performance has been reported at examination 
from the first 6 hours to 4 days with regional anesthe-
sia12,92,93 but after the first week after surgery, no signifi-
cant advantage of regional anesthesia has been detected 
(Table 99-3). Methodologic limitations could be an 
important confounding factor because in these types of 
studies blinding of patients and even blinding of exam-
iners may be difficult.

The largest study conducted found no significant dif-
ference in POCD between general or regional anesthesia 
at either 1 week (general anesthesia = 37 of 188 (19.7%), 
regional anesthesia = 22 of 176 (12.5%), P = .06), or  
3 months (general anesthesia = 25 of 175 (14.3%), regional 
anesthesia = 23 of 165 (13.9%), P = .93) after surgery.94 
Regional anesthesia was unsuccessful in 24 patients allo-
cated to regional anesthesia for whom general anesthesia 
was therefore necessary (see also Chapter 56). Also, 35 
patients allocated to general anesthesia actually received 
spinal or epidural anesthesia. Not all of these 59 patients 
TABLE 99-3 RANDOMIZED STUDIES COMPARING GENERAL AND REGIONAL ANESTHESIA USING 
NEUROPSYCHOLOGICAL TESTING

Authors No. Completed Age
Interval After 

Surgery Type of Surgery Results

O’Dwyer 
et al153

255 Mean 55 yr 6 hr, 24 hr,  
and 3 days

Hernia repair No significant difference

Casati et al154 30 Median 84 yr 1 and 7 days Hip fracture repair No significant difference
Rasmussen 

et al94
340 Median 71 yr 3 mo Mixed No significant difference at 3 mo using 

intention to treat but significant 
difference at 1 wk 21% versus 13% 
in favor of regional when using per 
protocol analysis

Somprakit 
et al155

120 Group 1 = 
mean 37 yr

Group 2 = 
mean 67 yr

1 and 3 days Mixed No significant difference in whole group, 
but older group had significantly more 
POCD

Williams-Russo 
et al22

231 Median 69 yr 1 wk and 6 mo Knee replacement No difference between groups

Campbell 
et al156

157 Mean 77 yr 24 hr, 2 wk, 3 
mo

Cataract No differences between groups

Haan et al13 37 Mean 72 yr 4 days and 3 mo Urology No significant difference
Nielson 

et al157
64 Mean 69 yr 3 mo Knee replacement Improvement: No difference between 

groups
Jones et al158 129 50 controls >60 yr 3 mo Knee or hip 

replacement
Significant improvement in 2/5 variables 

in general anesthesia group, no change 
in regional anesthesia group (P = .03 
and .04 between groups)

Chung et al10 44 Mean 72 yr 6 hr, 1, 3, and 5 
days and 1 mo

Urology No difference

Asbjørn et al93 40 Mean 69 yr 4 days and 3 wk Prostatectomy No difference
Ghoneim 

et al159
105 Mean 61 yr 1-7 days and 3 

mo
Mixed No difference

Hughes et al12 30 Mean 68 yr 24 hr, 48 hr, and 
1 wk

Hip arthroplasty No difference after 1 week

Chung et al92 44 Mean 72 yr 6 hr, 1, 3, and 5 
days and 1 mo

Prostate resection Significantly higher MMSE in regional at 
6 hr

Bigler et al160 38 79 yr 1 wk and 3 mo Repair of hip 
fracture

Improvement in both, with no difference 
between the two regimens

Riis et al161 30 >60 yr 1 wk and 3 mo Hip replacement: 
general, epidural 
or combined

Initial decline from baseline at 4 days 
and then improved, with no group 
differences

Karhunen and 
Jöhn162

47 Mean 73 yr 1 wk Cataract surgery After 1 wk significantly more deterioration 
in local anesthesia group in one of two 
combined scores
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completed the study, but when excluded in a per proto-
col analysis, a significant difference in the incidence of 
POCD was found between general anesthesia in 33 of 156 
(21.2%) versus regional anesthesia in 20 of 158 (12.7%) 
after 1 week (P = .04); however, at 3 months no difference 
was found.

ETIOLOGIC CONSIDERATIONS

Perhaps POCD is the result of brain cell damage caused 
by toxic substances or hypoxia. Toxic substances could be 
drugs such as general anesthetics or analgesics, but also 
the surgery-induced release of hormones or inflammatory 
mediators or a combination of these factors. Hypoxia may 
result from arterial hypoxemia or low perfusion caused 
by low cardiac output, inappropriate blood flow distribu-
tion, thrombosis, or embolism.

DRUGS

Anesthetic central nervous system toxicity may be a pos-
sible explanation for POCD (see also Chapter 15). Gen-
eral anesthesia is assumed to be a completely reversible 
condition. Yet, this conclusion has not been conclu-
sively proved. Exposure of animals to anesthetics has 
resulted in the detection of several types of changes in 
the brain. Jevtovic-Todorovic and co-workers95 demon-
strated histologic changes in the brain after exposure to 
isoflurane, nitrous oxide (N2O), and midazolam. In devel-
oping rat brain, apoptosis was found in thalamic nuclei 
and the parietal cortex after exposure to isoflurane and 
this effect was more pronounced if midazolam or N2O 
was added.95 Memory testing using a water maze revealed 
inferior performance in the anesthetized rats compared 
with control animals. Also, infant mice showed signs of 
apoptosis in brain cortex after subcutaneous administra-
tion of midazolam or ketamine96 and after propofol or 
combinations of ketamine with propofol or thiopental.97 
In adult rat brain cortex, neuronal vacuolization and neu-
ronal degeneration with necrosis were found after N2O 
administration. The neuronal vacuolization, however, 
seemed to be reversible, with no vacuolated neurons after 
3 hours of recovery, and the addition of diazepam or iso-
flurane blocked the neurodegeneration.98 These findings 
are interesting but do not provide convincing evidence 
for induction of persistent neuronal changes after general 
anesthesia in humans, where N2O is not used as the only 
anesthetic.

Apoptosis occurred in human neuroglioma cells that 
were exposed to isoflurane, and increased levels of amy-
loid precursor protein were also found.99 Abnormal pro-
cessing of amyloid precursor protein with accumulation 
of β-amyloid protein is a feature of Alzheimer disease, 
and it is therefore important to determine whether 
general anesthetics influence the processing of this 
protein.Another possible effect of anesthetics could be 
related to long-term changes in brain receptor function. 
A decrease in cholinergic function has been found in 
Alzheimer disease, and cholinesterase inhibitors may 
be beneficial for patients with this condition. In one 
study, changes in cholinergic binding were found in rat 
r Long-term Complications of Surgery and Anesthesia 3007

brains after repeated pentobarbital anesthesia given by 
intraperitoneal injection.100 Anesthetics cause changes 
in gene expression in the brain and in the protein 
synthesis pattern, as detected by comparison of brain 
tissue protein contents in anesthetized and control ani-
mals.101-103 These findings in animals or cell cultures are 
difficult to apply to the clinical situation with POCD in 
humans. Animal studies of anesthetic drug toxicity may 
be influenced by inadequate oxygenation, ventilation, 
perfusion, or temperature regulation. In addition, hypo-
glycemia may occur in infant rodents exposed to gen-
eral anesthesia. The brain cell damage of anesthesia in 
this situation may therefore be caused by mechanisms 
other than drug effects, but these findings have caused 
much concern in relation to pediatric anesthesia. It is 
difficult to study central nervous system toxicity conse-
quent to anesthetic exposure. Although large epidemio-
logic studies have not detected a major long-term effect 
of anesthesia on cognitive function, such research has 
important limitations. For example, in a study of 1257 
healthy subjects, 946 participants had been previously 
exposed to at least one general anesthetic with no sig-
nificant correlation between exposure to anesthesia and 
performance in cognitive tests.104 However, as with the 
collection of any retrospective data, subjects may not 
recall reliably the type and number of anesthetics they 
have received or the exact date they received the anes-
thetic. The importance of age at time of exposure is diffi-
cult to ascertain. Better cognitive performance has been 
found in two studies of cardiac surgery patients receiv-
ing inhaled anesthesia compared with propofol during 
CPB105,106 (see also Chapter 67). However, the differ-
ence was present only within the first postoperative 
week and no difference was seen at 3 months.105Apart 
from anesthetics, many other drugs are given in con-
nection with surgery. As an example, analgesics may 
have important effects on cognitive function but have 
not been related to cognitive decline in elderly surgi-
cal patients.107 In agreement, Johnson and associates35 
found that opioid administration within the 24 hours 
before the test had no significant influence on perfor-
mance. Still, other psychoactive medication cannot be 
excluded as a potential influence on neuropsychologi-
cal test data obtained in patients during the weeks to 
months after surgery.

HORMONES

Major surgery causes an endocrine response with release 
of hypothalamic-pituitary-adrenal (HPA) and sympa-
thetic nervous system hormones. Cognitive impairment 
can occur with high levels of glucocorticoids.108,109 Cortisol 
is toxic to cells in the hippocampus, and this structure 
plays a critical role in the consolidation of short-term 
into long-term explicit memory and descending control 
of the HPA axis. Perhaps repeated episodes of stress cause 
decreased hippocampal inhibition of the HPA axis and, 
thus, prolonged hyperactivation.110 This was studied in 
187 patients older than 60 years of age undergoing major 
noncardiac surgery, and a persistent change in the cor-
tisol secretion pattern was significantly related to POCD 
at 1 week.111
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INFLAMMATORY MEDIATORS

Surgery can activate the immune system with release of 
inflammatory mediators from lymphocytes. Important 
mediators include cytokines that are able to initiate the 
activation of other inflammatory mediators and affect 
brain function either directly or indirectly.89,112,113 A very 
pronounced inflammatory response is seen in connec-
tion with cardiac surgery using CPB, and significantly 
higher levels of the cytokines IL-1 and IL-10 in patients 
with POCD after such procedures.114 Also, after noncar-
diac surgery, POCD is associated with increased levels 
of inflammatory mediators115,116; this area is currently a 
focus of research using animal models.117,118

HYPOXIA

Brain hypoxia may lead to irreversible damage depending 
on the level, duration, and susceptibility. Oxygen (O2) 
delivery to the brain depends on blood flow and arterial O2 
concentration, which is primarily related to hemoglobin 
concentration and arterial O2 saturation. Brain hypoxia 
may be caused by a decrease in blood flow or arterial 
hypoxemia. In connection with anesthesia, inability to 
initiate ventilation in the patient or unrecognized esopha-
geal intubation may cause profound and long-lasting 
hypoxemia119 and subsequently brain damage. Modest 
perioperative decreases in arterial O2 saturation are com-
mon, but their importance is probably overemphasized 
when compared with the wide fluctuations in cerebral 
blood flow and blood hemoglobin level.120 One possible 
explanation for this is the ease of measuring arterial O2 
saturation continuously by pulse oximetry. No connec-
tion has been shown between modest arterial hypoxemia 
and postoperative complications, including POCD.23,121

BRAIN HYPOPERFUSION

A temporary reduction of cerebral blood flow can cause 
neurologic or cognitive dysfunction without occlusion 
of cerebral vessels (see also Chapter 70). Cerebral blood 
flow is regulated according to brain metabolism and 
nearly unchanged within wide variations in blood pressure 
(autoregulation) mediated through changes in diameter 
of resistance vessels. This autoregulation has a lower 
limit at approximately a mean arterial blood pressure of  
50 mm Hg in healthy adults but is higher in hypertensive 
subjects.122 Below this limit, further dilatation of vessels 
cannot compensate and cerebral blood flow decreases. 
Measuring cerebral blood flow or brain oxygenation 
during surgery is complicated. The techniques used 
include xenon-133, near-infrared spectroscopy, transcra-
nial Doppler imaging (which really measures velocity), 
and jugular bulb O2 saturation. All of these techniques 
are associated with important limitations. Brain perfu-
sion pressure is therefore frequently used to evaluate 
brain perfusion in clinical practice. During anesthesia, 
brain metabolism is reduced, and, therefore, a lower brain 
blood flow may be acceptable. In earlier studies of cardiac 
surgery, prolonged episodes of hypotension were a risk 
factor for brain dysfunction,40,123 but subsequent studies 
have not been able to confirm this.
THROMBOSIS OR EMBOLISM

Cerebral infarction can be caused by an embolic or a 
thrombotic occlusion of a cerebral artery, and necrosis 
of brain tissue, including neurons and glial cells, may 
result. Thus, tissue architecture is lost and a well-defined 
infarct can be identified by autopsy or brain imaging tech-
niques such as computed tomography (CT) or magnetic 
resonance imaging (MRI). Cerebral infarcts may cause 
no symptoms at all, depending on the size and location, 
but the usual clinical presentation is a stroke. Several risk 
factors have been identified in studies of stroke in the 
general population and in relation to surgery. Age is an 
important factor, and other important risk factors include 
type of surgery; cardiac disease, especially atrial fibrilla-
tion; peripheral vascular disease; previous cerebrovascu-
lar attacks; and diabetes124,125 (see also Chapter 80). The 
incidence of major cerebral complications presenting as 
stroke after general surgery varies between 0.2% and 0.7%. 
Most cerebral infarctions in the perioperative period are 
caused by emboli. Macroemboli are more than 200 μm in 
diameter and typically consist of atheromatous material 
or thrombi. These may arise from the left atrium, left ven-
tricle, or aorta.

Microemboli are less than 200 μm in diameter and, 
as stated earlier, are common in cardiac surgery (see also 
Chapter 67). As opposed to macroemboli, they may often 
consist of air introduced into the venous circulation—
for instance, through tubing used in the CPB circuit or 
arterial lines. In addition, paradoxical embolization may 
occur through an open foramen ovale from the venous 
side because of subatmospheric pressure in veins or bone 
marrow if the surgical field is above heart level and venous 
structures are noncollapsible, as in procedures such as 
back surgery, craniotomy in the sitting position, and knee 
replacement. Microemboli occur in joint replacement 
surgery (see also Chapter 79). It was specifically assessed 
in 37 patients in whom cognitive function was studied 
with a battery of 13 tests at 1 week and at 3 months; 
POCD was found in 41% and 18%, respectively, but no 
significant association with microemboli was detected 
using transcranial Doppler imaging.84

GENETIC ASPECTS

Polymorphic genetic variation may explain individual 
differences in susceptibility to medication, inflammation, 
trauma, and other harmful factors. Such genetic factors 
are important for the development of dementia but do 
not uniquely determine the phenotype.

Apolipoprotein E (ApoE) is a protein that is impor-
tant for recovery after central nervous system injuries.126 
Important differences exist in the three different isoforms 
of ApoE—E2, E3, and E4, which are encoded by the alleles 
ε2, ε3, and ε4 of the ApoE gene, respectively. The ε3 allele 
is the wild-type and present in 75% of the native Euro-
pean population, whereas ε2 and ε4 are less frequent.127 
The ε4 allele seems to increase the risk for Alzheimer 
disease, and it is also associated with a poor prognosis 
after head injury.128-130 The possible association between 
the ε4 allele and POCD after cardiac surgery has been stu-
died, but literature presents conflicting information.131,132 
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The possible relationship between the ε4 allele and POCD 
after noncardiac surgery was studied in 976 patients 40 
years of age and older; the ε4 allele was not a risk factor 
at 1 week (P = .49) or 3 months after noncardiac surgery  
(P = .28).133 POCD is related to the presence of the ε4 
allele in patients undergoing carotid surgery.134 Other 
genetic factors could be important in the general surgi-
cal population—for instance, individual differences in 
inflammation and drug metabolism, with polymorphism 
of the drug metabolism system’s cytochrome P-450, are 
well described. Very slow metabolism of certain drugs 
could be associated with prolonged recovery, and very 
fast metabolism could lead to high concentrations of 
intermediary degradation products.135 Both situations 
could result in a disturbance of receptor function, but the 
relationship, if any, with POCD remains to be established.

CLINICAL SIGNIFICANCE AND LONG-TERM 
CONSEQUENCES OF POSTOPERATIVE 
COGNITIVE DYSFUNCTION

The detection of POCD and its likely causes have been 
discussed. What effect does this dysfunction have on the 
patient? A frequent report is an elderly patient whose 
cognitive function has deteriorated profoundly after sur-
gery, especially regarding memory. The relatives describe 
a loss of function, lack of initiative, and lack of interest 
in activities that previously meant a lot to the person. In 
a retired individual, this could be playing cards or doing 
crossword puzzles. The deterioration may be most notice-
able in patients returning to work, when usual tasks may 
be difficult to carry out in the same manner and at the 
same speed as before surgery. Such difficulty also is not 
uncommon in middle-aged or young patients, who also 
may experience some degree of dysfunction in cognition.

One relevant question is whether POCD in fact results 
in impairment of function as reflected in activities of 
daily living. In a study of elderly patients undergoing 
major noncardiac surgery with general anesthesia, a sta-
tistically significant correlation was found between POCD 
at 3 months and a decline in activities of daily living.23 
Another study of middle-aged patients, by Johnson and 
associates,35 found a statistically significant correlation 
between POCD at 1 week and a decline in instrumental 
activities of daily living at 1 week reported by relatives at 3 
months. Long-term follow-up has revealed a significantly 
higher mortality in patients with cognitive dysfunction 
after noncardiac surgery.86,136 POCD also is associated 
with earlier retirement and need for social transfer pay-
ment.136 Dementia does not occur frequently after sur-
gery, and whether POCD is a precursor of that condition 
has not been well studied. Avidan and colleagues137 found 
no difference in the rate of cognitive decline according 
to exposure to surgery and anesthesia in a population 
undergoing repeated cognitive testing, and age-related 
cognitive decline may account for some of the changes 
reported previously. The pronounced variability is also 
important, and some studies have found no difference 
in long-term POCD between patients undergoing major 
surgery (even cardiac) and subjects who had very minor 
procedures, such as percutaneous angiography.24,138
Complete references available online at expertconsult.com.
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Postoperative Visual Loss
STEVEN ROTH

K e y  P o i n t s

 •  Visual loss after anesthesia is a rare but devastating injury that appears more 
frequently after cardiac, spine, and orthopedic joint surgery.

 •  Causes of perioperative visual loss include central or branch retinal artery 
occlusion (RAO), anterior and posterior ischemic optic neuropathy (ION), cortical 
blindness, and acute glaucoma. Transient visual loss may occur after transurethral 
resection of the prostate. Retinal vascular occlusion in patients who receive nitrous 
oxide–containing gas mixtures after a vitrectomy procedure with vitreal gas 
bubble tamponade is caused by acute expansion of the gas bubble and increased 
intraocular pressure.

 •  Signs and symptoms of visual loss in the postoperative period may be subtle and 
can be incorrectly attributed to the residual effects of anesthetic drugs. Any patient 
reporting eye pain, an inability to perceive light or motion, complete or partial loss 
of visual fields, decreased visual acuity, or loss of pupil reactivity must be evaluated 
immediately by an ophthalmologist.

 •  The most common cause of perioperative central and branch RAO is compression 
of the eye. During cardiac surgery, emboli may occlude the retinal arteries.

 •  Patients who undergo prolonged operative procedures in the prone position 
with large blood losses are at frequent risk for development of ION. Other factors 
conferring a more frequent risk during spine surgery include male gender, obesity, 
the use of a Wilson frame, and intravascular fluids administered perioperatively. 
Controversy exists with respect to the appropriate arterial blood pressure, 
hemoglobin, intravascular fluid administration, and use of vasopressors in these 
patients. The potential risk for ION should be considered in the design of an 
anesthetic plan. Patients must be informed of the risk for visual loss accompanying 
lengthy surgical procedures with the patient positioned prone and with 
anticipated large blood loss. Both anesthesia and surgery personnel, together, 
should develop a plan in conjunction with the surgeons by which informed 
consent for this complication may be facilitated.

 •  Perioperative visual loss in the presence of focal neurologic signs or the loss of 
accommodation reflexes or abnormal eye movements suggests a diagnosis of 
cortical blindness. Neurologic consultation should be obtained.
Perioperative visual loss (POVL) is a rare but unexpected
and devastating complication. Spine surgery, particularly
when fusion is performed, is one of the most common
procedures associated with POVL. Hence, a major empha-
sis of this chapter is on POVL associated with spine sur-
gery. The incidence, suspected risk factors, diagnosis, and
treatment of eye injuries leading to visual loss in the peri-
operative period are discussed. The discussion is confined
to visual loss that follows nonocular surgery because eye
damage after ocular surgery is well described in the oph-
thalmology literature (see also Chapter 84). Injuries to the
retina and optic nerve and the visual connections to the
brain are discussed.
 
 
 

 

 
 

 
 

No prospective studies of POVL have been performed. 
A few retrospective studies and published surveys and 
case reports provide much of the current knowledge on 
postoperative visual loss. Two large retrospective stud-
ies showed that perioperative ischemic optic neuropathy 
(ION) is rare, occurring in approximately 1 in 60,000 to 
1 in 125,000 anesthetic procedures in the overall surgical 
population.1,2

Spine and cardiac surgery are associated with a more 
frequent incidence of POVL than other operative proce-
dures. Shen and associates3 examined the POVL preva-
lence in the U.S. database, Nationwide Inpatient Sample 
(NIS), for the eight most commonly performed surgical 
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procedures, excluding obstetrics and gynecologic sur-
gery, which is the largest patient population studied. The 
most frequent were spine (3.09 per 10,000, 0.03%) and 
cardiac surgery (8.64 per 10,000, 0.086%). The yearly 
rates of POVL in the procedures studied by Shen and col-
leagues3 have been decreasing in the 10-year period from 
1996 to 2005. Patil and colleagues4 found an overall rate 
of 0.094% in spine surgery discharges in the NIS.4 In previ-
ous, smaller case series, Stevens and colleagues5 found four 
ION cases in 3450 spine surgeries (0.1%), and two cases in 
3300 patients after spine surgery were reported at another 
hospital (0.06%).6 Chang and Miller reviewed 14,102 
spine surgery procedures in one hospital, identifying four 
ION cases (0.028%).7 After cardiac surgery, the incidence 
may be as frequent as 1.3% in one study8 but 0.06% and 
0.113% in two more recent larger retrospective studies.9,10

Myers and associates11 conducted a retrospective case-
control study of 28 patients with visual loss after spine 
surgery. The American Society of Anesthesiologists (ASA) 
Postoperative Visual Loss Registry reported on 93 cases of 
visual loss after spine surgery submitted anonymously to 
the ASA Closed Claims Study.12 Nuttall and associates9 
performed a retrospective case-control study of cardiac 
surgery patients at the Mayo Clinic.9 The most recent 
study was a retrospective, case-controlled study of factors 
involved in perioperative ION in spine surgery, a collab-
orative effort of 17 U.S. and Canadian medical centers.13 
Each of these studies is described in detail in subsequent 
sections of this chapter.

RETINAL ISCHEMIA: BRANCH AND 
CENTRAL RETINAL ARTERY OCCLUSION

Central retinal artery occlusion (CRAO) decreases the 
blood supply to the entire retina, whereas occlusion of a 
retinal arterial branch (BRAO) is a localized injury affect-
ing only a portion of the retina. This injury is usually 
unilateral. Four causes can be distinguished: (1) external 
compression of the eye, (2) decreased arterial supply to 
the retina (embolism to the retinal arterial circulation or 
decreased blood flow from a systemic cause), (3) impaired 
venous drainage of the retina, and (4) arterial thrombosis 
from a coagulation disorder.

The most common cause of perioperative retinal 
arterial occlusion is improper patient positioning with 
external compression of the eye producing sufficient 
intraocular pressure (IOP) to stop flow in the central 
retinal artery (see also Chapter 41). It most commonly 
occurs during spine surgery performed with the patient in 
the prone position. Pressure within the orbit also can be 
increased internally after retrobulbar hemorrhage, which 
is associated with vascular injuries during sinus or nasal 
surgery.

Although rare in most surgical procedures, emboli can 
directly impair blood flow in the central retinal artery 
(CRA) itself or a branch of it. Paradoxical embolism origi-
nating from the operative site and reaching the arterial 
circulation through a patent foramen ovale has rarely 
been reported as a cause of perioperative retinal vascular 
occlusion.14 Retinal microemboli, however, are common 
during open heart surgery.15 Hypotension itself seems 
to be a rare cause of retinal ischemia. The incidence of 
retinal ischemia after hypotensive anesthesia was only 3 
cases in 27,930 hypotensive anesthetic procedures.16

Venous drainage can be impaired after radical neck 
surgery by jugular vein ligation.17 In normal volunteers 
or spine surgery patients positioned prone, IOP increased 
and head-down position resulted in further increases. 
Changes were attenuated by head-up positioning.18,19 
The clinical significance of these changes are not clear.

CLINICAL FINDINGS

Painless visual loss and abnormal pupil reactivity occur. 
Funduscopic examination shows opacification or whiten-
ing of the ischemic retina, and narrowing of retinal arteri-
oles may be visible.20 BRAO is characterized by cholesterol 
emboli (bright yellowish, glistening), calcific emboli (white, 
nonglistening), or migrant pale platelet fibrin emboli (dull, 
dirty white). A cherry-red macula with a white ground-
glass appearance of the retina and attenuated arterioles is 
a “classic” diagnostic sign in CRAO (Fig. 100-1). The red 
appearance from pallor in the ischemic, overlying retina 
makes visible the color of the intact, underlying choroi-
dal circulation. However, this sign is not always present; 
thus, its absence does not rule out retinal artery occlusion 
(RAO). Differential diagnosis from other causes of visual 
loss is presented in Table 100-1.

MECHANISMS OF RETINAL ISCHEMIA

Increased extracellular glutamate concentrations during 
retinal ischemia21 and attenuation of ischemic injury 
in vitro and in vivo by glutamate receptor antagonists22 
support a role for excitotoxicity. It is thought that an 

Figure 100-1. Funduscopic appearance of retinal vascular occlusion. 
Note the pallor of the retina and the cherry-red spot, visible in the 
fovea near the center of the photograph. The ischemic retina loses its 
normal transparency, and because the fovea is thinner than the sur-
rounding retina, the underlying choroid is visible as a cherry-red spot. 
(From Ryan SJ: Retina, ed 2, St. Louis, CV Mosby, 1995.)
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TABLE 100-1 DIFFERENTIAL DIAGNOSIS: EYE EXAMINATION IN RETINAL, OPTIC NERVE, OR VISUAL  
CORTEX INJURY*

AION PION Cortical Blindness CRAO BRAO

Optic disk Pale swelling, 
peripapillary flame-
shaped hemorrhages, 
edema of optic nerve 
head

Late: Optic atrophy

Initially normal
Late: Optic atrophy

Normal Normal
Late: Optic atrophy

Normal
Late: Optic atrophy

Retina Normal; may have 
attenuated arterioles

Normal; may have 
attenuated 
arterioles

Normal Cherry-red macula†; 
pallor and edema, 
narrowed retinal 
arteries

Emboli may be 
present‡; partial 
retinal whitening 
and edema

Light reflex Absent or RAPD Absent or RAPD Normal Absent or RAPD Normal or RAPD
Fixation and 

accommodation
Normal Normal Impaired May be impaired 

with external 
compression

May be impaired 
with external 
compression

Opticokinetic 
nystagmus

Normal Normal Absent Normal Normal

Response to visual 
threat

Yes, if some vision 
remains

Yes, if some vision 
remains

No Yes Yes

Object tracking Normal, if some vision 
remains

Normal, if some 
vision remains

Absent Normal Normal

Ocular muscle 
function

Normal Normal Normal May be impaired 
if results 
from external 
compression

May be impaired 
if results 
from external 
compression

Perimetry Altitudinal defect; 
scotoma

Altitudinal defect; 
blind; scotoma 
Often no light 
perception

Hemianopia 
(depending on 
lesion location); 
periphery 
affected usually

Usually blind Scotoma; usually 
normal periphery

AION, Anterior ischemic optic neuropathy; BRAO, occlusion of a retinal arterial branch; CRAO, central retinal arterial occlusion; PION, posterior ischemic 
optic neuropathy; RAPD, relative afferent pupillary defect.

*Typical symptoms and signs are listed. Some patients may have varying findings as a result, among other factors, of timing of examination relative to 
symptom onset.

†Because of a lack of overlying inner retinal cells in the fovea, the intact choroidal circulation is visible as a cherry-red spot.
‡Cholesterol, platelet-fibrin emboli, calcified atheromatous material.
increased intracellular Ca2+ concentration as a result of 
enhanced glutamate release ultimately initiates mecha-
nisms that result in cellular destruction.

Two distinct blood flow patterns follow a period 
of ischemia. In cats, retinal and choroidal blood flow 
increased dramatically (hyperemia) immediately after 
the end of ischemia.23 Hyperemia is of clinical relevance 
in reperfusion after a period of ischemia, increasing flow 
when vessels or the blood-retinal barrier is damaged, and 
might lead to macular edema.24 Hypoperfusion is the 
other extreme. In adult rats, delayed retinal hypoperfu-
sion occurs 1 to 4 hours after the end of a period of isch-
emia.25 The mechanism of these changes in blood flow 
is not clear, although depletion of vasodilators such as 
adenosine or nitric oxide (NO) may be responsible.

The retinal blood supply is derived from the retinal 
and choroidal vessels.26 Therefore, after retinal vascular 
occlusion, some oxygen (O2) may still be supplied by dif-
fusion from outer retinal layers by way of the choroid. In 
monkeys, eyes with CRAO showed little damage in the 
macular retina after 97 minutes of ischemia. After 240 
minutes, damage was profound and irreversible.27 These 
studies were conducted by clamping the central retinal 
artery (CRA) and may not necessarily extrapolate to the 
perioperative complication of external compression of the 
eye.28 Interestingly, the same investigators reported that 
atherosclerosis did not increase sensitivity to ischemia in 
monkeys and actually may have “preconditioned” the 
animals against ischemic insult.

Increased IOP from external compression of the eye is 
a more severe insult than ligation of the CRA because of 
the profound simultaneous decreases in both retinal and 
choroidal blood flow23 and the differential susceptibil-
ity of the inner retinal cells to damage from pressure.29 
Ischemic tolerance time is probably shorter with exter-
nal compression, as evident in studies of injury in animal 
models of retinal ischemia30-33 (Table 100-2).

Central Retinal Artery Occlusion
The cause of perioperative CRAO is usually external com-
pression and sufficiently high IOP to occlude the retinal 
arterial circulation. Patient characteristics may increase 
the risk for CRAO. Altered facial anatomy may predispose 
to damage by the external pressure of anesthesia masks or 
headrests. In osteogenesis imperfecta, fibrous coats of the 
eye are thin and immature because of deficiency of colla-
gen fibers, persistent reticulin fibers, and increased muco-
polysaccharide ground substance. Sclerae and corneas 
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are unusually thin and exophthalmos is common, ren-
dering the eye more vulnerable to damage from exter-
nal pressure. Those of Asian descent tend to have lower 
nasal bridges, which may increase the risk for external 
compression.34

Improper positioning of the head with external pres-
sure on the eyes may compress ocular contents and, conse-
quently, occlude retinal blood flow (see also Chapter 41).  
Most reports of improper positioning involve patients 
positioned prone for surgery. The horseshoe headrest is 
of particular concern because of its shape and its nar-
row opening for the face; improper head position or 
unintended head movement may place the eye in con-
tact with the headrest. In most of the reports of CRAO in 
patients positioned prone for surgery, the horseshoe head-
rest or a similar device (e.g., a rectangular headrest35) was 
used.34,36 Kumar and colleagues37 reviewed published case 
reports of CRAO after spine surgery. Signs and symptoms 
included unilateral loss of vision, usually with loss of 
light perception, afferent pupil defect, periorbital or eye-
lid edema, chemosis, proptosis, ptosis, paresthesias of the 
supraorbital region, hazy or cloudy cornea, and corneal 
abrasion. Loss of eye movements, ecchymosis, or other 
trauma near the eye also was reported. On funduscopic 
examination, findings included macular or retinal edema, 
a cherry-red spot, or attenuated retinal vessels. Two reports 
describing four patients who sustained external compres-
sion documented the development of retinal pigmentary 
alterations, suggesting simultaneous choroidal circulatory 
ischemia.38,39 Early orbital computed tomography (CT) or 
magnetic resonance imaging (MRI) showed proptosis and 
extraocular muscle swelling, although most cases did not 
have imaging studies to confirm the diagnosis.37 Findings 
were similar to the syndrome of “Saturday night retinopa-
thy” in intoxicated individuals who slept while their eyes 
were compressed.40

Hollenhorst and co-workers,41 who described unilateral 
blindness in patients positioned prone for neurosurgery, 
replicated the human findings in monkeys with 60 min-
utes of elevated IOP by exerting a pressure of 200 mm Hg 
on the eye together with hypotension. (Hypotension was 
not a feature in six of the eight human subjects in their 

TABLE 100-2 ANIMAL STUDIES OF RETINAL 
ISCHEMIA AND TIME REQUIRED TO PRODUCE 
INJURY

Author Animal Ischemia Method
Ischemia 

Time

Hayreh et al 
(1980, 
2004)27,28

Monkey Central retinal artery 
ligation

>100-
240 min

Ettaiche et al 
(2001)30

Rat (brown 
Norway)

Increased 
intraocular 
pressure

20 and 
40 min

Roth et al, 
Zhang  
et al (1998, 
2002)31,32

Rat (S-D) Central retinal artery 
ligation, increased 
intraocular 
pressure

45 and 
60 min

Zhu et al 
(2002)33

Mouse 
(ND4)

Increased 
intraocular 
pressure

30, 45, 
60 min
report.) In the monkey, histologic findings were edema 
of the retina and dilated vascular channels, followed by 
severe loss of retinal structure and axonal loss in the optic 
nerve 4 months later, owing to retrograde axonal degen-
eration after death of retinal ganglion cells.41

More recently, Bui and colleagues42 documented that 
during acute increases in IOP in the rat, changes in visual 
function assessed by electroretinography progressed from 
the inner to the outer retina. In other words, retinal gan-
glion cells were the most sensitive to raised IOP, show-
ing abnormalities on the electroretinogram at IOPs of 30 
to 50 mm Hg; the photoreceptor cells were not affected 
until IOP was higher.42 The duration of increased IOP 
that injures the retina (see Table 100-2) varies depend-
ing on rat or mouse strain. Ischemic times were as short 
as 20 minutes or as long as 30 or 45 minutes.32,33,43 The 
mechanisms of injury with increased IOP from external 
compression are summarized in Figure 100-2.

Proper use of modern head-positioning devices such 
as square or circular foam headrests with cutouts for the 
eyes as well as a mirror to view the eyes (i.e., ProneView, 
Dupaco, Oceanside, Calif.) should prevent ocular com-
pression. However, we reported a case of unilateral RAO 
in a prone-positioned patient whose head was placed in 
a square foam headrest and goggles were used to cover 
the eyes. This practice is hazardous because of the limited 
amount of space between the headrest and the goggles 
and the risk for compression of the eye by the goggles. 
The patient exhibited signs of direct compression of the 
eye by the goggles, which, ironically, were designed by 
the manufacturer Dupaco to function as eye protectors.44

Ischemic ocular compartment syndrome, more typical 
in the setting of retrobulbar hemorrhage after nasal sinus 
surgery, was described in a patient undergoing spine 
surgery and positioned prone.45 The patient’s head had 
been positioned on a silicone headrest for surgery that 

Retinal Vascular Occlusion: Mechanisms

External compression

Retinal ischemia Anterior chamber ischemia

Reperfusion

Swelling
increased

Retinal
hypoperfusion

Retinal reperfusion injury

Retinal
cell loss

Corneal
injury

Proptosis EOM
damage

Chemosis

Further increases in
compartment pressure

EOMs ischemic

Figure 100-2. Mechanisms of retinal injury after external compression 
of the eye. EOM, Extraocular muscle.



lasted 8 hours during which he received only 1 L of crys-
talloids. Postoperatively, he had left ocular pain, no light 
perception from the eye, facial edema, 4-mm left propto-
sis, and a tight orbit. Corneal edema was present, with 
a large abrasion, mid-dilated and fixed pupil, advanced 
cataract, pale optic nerve, retinal hemorrhages, and com-
plete inability to move the eye. The IOP was 45 mm Hg. 
MRI showed proptosis, extraocular muscle enlargement, 
and severe globe tenting. Despite lateral canthotomy to 
relieve the pressure, vision did not improve. The cause 
was thought to be related to positioning with possible 
direct pressure on the eye.

Orbital compartment syndrome can occur from peri-
operative intraorbital hemorrhage, orbital emphysema, 
or intraorbital bacitracin ointment during endoscopic 
sinus surgery.46 This syndrome is different from cases of 
ION after spine surgery but may be similar to the early 
descriptions of ocular compression by Hollenhorst and 
co-workers.41 Orbital compartment syndrome is an acute 
ophthalmologic injury, requiring prompt decompression 
to relieve the increased IOP.

Head and Neck Surgery
CRAO has occurred after neck and nasal or sinus surgery, 
although most cases of visual loss in neck dissection are 
from ION.47 The incidence of orbital complications after 
endoscopic sinus surgery is 0.12%.48 Orbital hemorrhage 
from blunt trauma during the procedure can result in 
orbital compartment syndrome with compression of the 
arterial and venous circulations and in CRAO and optic 
nerve injury.49 Indirect damage to the CRA from intra-
arterial injections of 1% lidocaine with epinephrine has 
also been described; the mechanism of action is thought 
to be arterial spasm or embolism.50

Branch Retinal Artery Occlusion
BRAO usually leads to permanent ischemic retinal dam-
age with partial visual field loss. Patients may not notice 
symptoms immediately if the visual field loss is periph-
eral or if a small scotoma is present. BRAO is primarily 
the result of emboli, but vasospasm has been reported 
in a few cases. Most case reports describe embolization 
of material from intravascular injections and circulating 
embolic material from the surgical field or cardiopulmo-
nary bypass (CPB) equipment in cardiac surgery.

Microemboli to the retina during CPB have been 
shown by retinal fluorescein angiography. Occurrence 
and extent of perfusion defects were related to oxygenator 
type. When a bubble oxygenator was used, all patients 
had perfusion defects indicative of microemboli; when a 
membrane oxygenator was used, retinal perfusion defects 
were found in only half. Neurologic outcome was not 
reported.51 In coronary artery bypass graft (CABG) sur-
gery, multiple calcific emboli in branches of the CRA are 
not unusual, resulting in visual field deficits of varying 
size and location. In pigs, mechanisms of air embolism 
during CPB included nonperfusion, vascular leakage and 
spasm, red blood cell (RBC) sludging, and hemorrhage. 
Priming with perfluorocarbons blocked many of these 
mechanisms.52

Case reports have described sudden irreversible blind-
ness with BRAO in patients after the injection of various 
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drugs into the head and neck region. Loss of vision was 
nearly instantaneous when steroids were injected into the 
nasal mucosa.53 In approximately half of cases, crystalline 
emboli could be seen at fundoscopy, and one incident 
appeared to be complicated by vasospasm. Other agents, 
such as superselective injection of carmustine into the 
internal carotid artery to treat gliomas, or fat injected into 
the orbit for cosmetic surgery, also have been compli-
cated by visual loss from retinal arterial occlusion.54 This 
complication can occur from a neuroradiologic or angio-
graphic or embolism procedure in the head and neck.

Local infiltration anesthesia with lidocaine or bupi-
vacaine in combination with epinephrine (1:100,000 
or 1:200,000) for nasal septal surgery can cause partial 
or total visual field defects postoperatively attributable 
to BRAO.50 The cause of BRAO was vasospasm, likely 
induced by accidental intraarterial retrograde injection 
of epinephrine or the combination of lidocaine and epi-
nephrine into branches of the external carotid artery.

BRAO was described in a patient in the prone position 
for spine surgery. After surgery a patent foramen ovale 
was discovered. The patient likely sustained a paradoxical 
air, fat, or bone marrow embolization from the operative 
site in the lumbar spine.14

PROGNOSIS

Perioperative RAO results in permanent loss of vision in 
most cases.

TREATMENT

Currently available methods of treatment are not satisfac-
tory. Treatment with ocular massage to decrease IOP (con-
traindicated if glaucoma cannot be ruled out) and thereby 
dislodge an embolus, if present, to more peripheral arte-
rial branches could be instituted.20 Intravenous acet-
azolamide can be administered to increase retinal blood 
flow. Five percent carbon dioxide in O2 can be given to 
enhance dilation and increase O2 delivery from retinal 
and choroidal vessels.26 Further treatment may include 
thrombolysis, although it is contraindicated after certain 
surgical procedures. Fibrinolysis through a catheter in the 
ophthalmic artery within 6 to 8 hours after spontaneous 
CRAO was associated with improved visual outcome. An 
ongoing multicenter study is testing efficacy. 55 Localized 
application of hypothermia to the affected eye is a simple 
technique that has decreased injury in animal studies after 
ischemia,56 and probably should be instituted in humans 
because of its minimal risk.

PREVENTION

Because retinal arterial occlusion in the perioperative 
period is most often caused by unintended application of 
external pressure to the eye, steps must be taken to avoid 
compression of the globe. Pressure on the eye from anes-
thetic masks is avoidable. If surgery is near the face, the 
surgeon’s arm must not be allowed to rest on the patient’s 
eye. In patients positioned prone for surgery, a foam 
headrest should be used with the eyes properly placed in 
the opening of the headrest; the position of the head and 
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the eyes should be checked intermittently by palpation or 
visualization. The horseshoe headrest for the prone-posi-
tioned patient must be used with great caution, and safer 
choices are available. For the patient positioned prone 
for cervical spine surgery, this headrest should not be 
used because of the likelihood of head movement, lead-
ing to compression of the eye. In the setting of cervical 
spine surgery with the patient prone, the most effective 
method for preventing head movement is to place the 
head in pins.

While the patient is prone, intermittent examination 
of the eyes is advisable approximately every 20 minutes 
for a change in position and the absence of external com-
pression. If the patient’s head does not fit the headrest 
adequately (e.g., it is too large) or for surgery on the cervi-
cal spine, the head could be held with a pin head holder. 
Some surgeons now routinely place the patient’s head in 
a pin head holder even for lumbar spine surgery, which 
eliminates opportunity for pressure on the eyes. This use 
must be weighed against the associated risks. For most 
procedures in which the patient is prone, I recommend 
any of the commercially available square foam headrests. 
The head is positioned straight down in the neutral posi-
tion. The eyes and nose are then placed in the open por-
tion of the headrest so that they can be easily checked 
underneath for pressure intermittently. When a transpar-
ent head piece is in use on the operating table, a mirror 
can be positioned underneath to indirectly view the eyes 
on the headrest. The ProneView is useful because it com-
bines a foam headrest with a mirror immediately below, 
which enables the eyes to be seen easily during surgery. 
The use of goggles to cover the eyes is not advised when 
the head is positioned prone in a conventional square 
foam headrest.

In nasal and sinus surgery and in neuroradiologic pro-
cedures, the most important principles are avoidance of 
inadvertent injections into, or compromise of, the ocu-
lar circulation. After endoscopic sinus surgery, patients 
should be checked for signs of acutely elevated IOP sug-
gestive of orbital hemorrhage. If present, immediate 
ophthalmologic consultation should be obtained. Embo-
lization during CPB remains a cause of retinal vascular 
occlusion. Better means for detecting and preventing this 
complication are needed.

ISCHEMIC OPTIC NEUROPATHY

ION, primarily manifesting spontaneously without warn-
ing signs, is the leading cause of sudden visual loss in 
patients 50 years of age or older, with an estimated annual 
incidence of nonarteritic ION in the United States of 2.3 
per 100,000.57 The two types of ION—anterior (AION) 
and posterior (PION)—can be arteritic or nonarteritic. 
Arteritic AION, caused by temporal arteritis, responds 
to steroids. It is a systemic disease, generally occurs in 
patients 60 years of age or older, and has a female pre-
ponderance. Spontaneously occurring ION, unrelated 
to surgical procedures, is usually caused by AION. The 
specific mechanism and location of the vascular insult 
remain unclear.58 A rodent model for AION has been 
recently described.59
Nonarteritic ION, more common than arteritic, is over-
whelmingly the type found perioperatively. It has been 
reported after a wide variety of surgical procedures, with 
most after cardiothoracic surgery,60 instrumented spinal 
fusion operations,61 head and neck surgery,62 orthopedic 
joint procedures,3 and surgery on the nose or sinuses.63 
Cases also have been described after vascular surgery, 
general surgical and urologic procedures (radical prosta-
tectomy), caesarean section and gynecologic surgery, and 
liposuction. Most perioperative cases are in adults, with 
some reports in children.

Although many clinical studies of spontaneously 
occurring AION have been conducted, few concern PION. 
The lack of controlled studies, the absence of an animal 
model, and poorly defined pathologic and risk factors 
limit our understanding of perioperative ION. The largest 
and best described single series is the ASA Postoperative 
Visual Loss Registry.12 Two case-control studies in spine 
surgery patients11,13 and two in cardiac surgery have been 
done.8,9

MECHANISM

Simulated ischemia in optic nerve axons in vitro64 culmi-
nates in axonal destruction. When O2 delivery decreases, 
adenosine triphosphate is depleted, leading to membrane 
depolarization, influx of Na+ and Ca2+ through specific 
voltage-gated channels, and reversal of the Na+-Ca2+ 
exchange pump.65 Ca2+ overload damages cells from acti-
vation of proteolytic and other enzymes. ION may lead 
to neuronal injury by apoptotic cell death, which may be 
stimulated in vitro with reduced O2 delivery.66

Disruption of the blood-brain barrier occurs early in 
AION, and fluorescein angiography shows the dye leak-
age in the optic nerve head.67 Dye leakage correlates with 
the early onset of optic disk edema, seen even before 
symptoms.68 The relationship between disruption of the 
blood-brain barrier and ischemic injury is not known. 
Earlier studies showed classic blood-brain barrier prop-
erties in the optic nerve head69; however, more recent 
immunohistochemical studies of microvessels in the 
monkey and human optic nerve head suggest a lack of 
classic blood-brain barrier characteristics in the prelami-
nar region,70 which could explain the early edema in the 
optic nerve head after ischemia.

In vivo cellular mechanisms lead to ischemic injury in 
the optic nerve. Guy71 showed that 30-minute occlusion 
of the carotid artery in rats produced ischemia and a swol-
len optic nerve within 24 hours. The positive nitrotyrosine 
immunostaining found in the ischemic optic nerve sug-
gests a possible role for NO and perhaps O2 free radicals, 
which would be expected to increase disruption of the 
blood-brain barrier. Bernstein and associates59 described 
a rodent model of AION. After AION induction by a pho-
tothrombotic method, circulation to the optic nerve was 
lost within 30 minutes; edema peaked 1 to 2 days later 
and resolved by 5 days. A pale, shrunken optic nerve was 
found, similar to that in limited pathologic studies of 
human AION.72 By 37 days after ischemic insult, the per-
centage of retinal ganglion cells was reduced by approxi-
mately 40%. After 6 days, the optic nerve showed axonal 
swelling and collapse. Permanent changes included septal 



thickening and axonal loss, most evident in the center, 
also similar to that found in the human optic nerve.

Clinical studies of AION with fluorescein angiography 
showed delayed filling of the prelaminar optic disk in 76% 
of subjects and was not found in normal eyes. This sug-
gests that delayed filling is the primary process, and it is 
not caused by disk edema.58 Hayreh73 attributed AION to 
individual variations in blood supply to the optic nerve.73 
This theory is supported not only by anatomic studies but 
also by the variability of visual loss in patients with AION. 
The watershed concept—that impaired perfusion and dis-
tribution within a posterior ciliary artery predisposes the 
optic disk to infarction—is disputed. Arnold and Hepler67 
demonstrated that delayed filling of watershed zones 
was more common in normal eyes than in patients with 
AION.67 Thus, reduced perfusion pressure in the region of 
the paraoptic branches of the short posterior ciliary arter-
ies (PCAs) results in optic disk hypoperfusion, rather than a 
watershed event.74 Histopathologic examination in AION 
showed that the infarction was mainly in the retrolaminar 
region.75 This implicates as the source of decreased blood 
flow the short PCAs directly supplying the optic disk.

Some have suggested that variability in blood pres-
sure or IOP may predispose patients to the development 
of AION. Nocturnal hypotension in patients treated with 
antihypertensive agents may expose patients to low-
level, albeit repeated, decreases in perfusion to the optic 
nerve.76 The importance of IOP fluctuations in the patho-
genesis of AION has not been established.77 Anatomic or 
physiologic variations in the circulatory supply of the 
optic nerve may predispose some patients to the devel-
opment of AION,78 especially if systemic arterial blood 
pressure is decreased.

Hayreh79 reported nocturnal decreases of 25% to 30% 
in arterial blood pressure in patients with AION.79 No 
control group was included, but the decrease was larger 
than in age-matched normal subjects. Landau and associ-
ates80 compared arterial blood pressure decreases in nor-
mal and AION subjects and found no difference, although 
daytime blood pressures were slightly lower in those with 
AION. Thus, the role of chronically or intermittently low 
blood pressures in the pathogenesis of AION remains 
controversial. AION is also associated with sleep apnea 
syndrome,81 but whether the mechanism depends on 
repeated hypoxia, increased IOP, decreased blood pres-
sure, or altered autoregulation of blood flow in the optic 
nerve is still unclear.

A small optic disk (known as a small cup-to-disk ratio) 
may play a role in susceptibility to AION82 because axons 
of the optic nerve pass through a narrower opening as 
they exit the eye and are therefore susceptible to injury 
in the presence of edema or decreased blood flow. Mech-
anisms of injury resulting from a crowded disk include 
mechanical axoplasmic flow obstruction, stiff cribriform 
plate, and decreased availability of neurotrophic factors to 
retinal ganglion cells.58 Tesser and colleagues72 reported 
that in a patient with spontaneous AION, axonal loss was 
in the superior part of the nerve, largely encircling the 
central retinal artery. The infarct was in the intrascleral 
portion of the nerve, extending 1.5 mm posteriorly. Per-
haps a tight scleral canal contributed to a compartment 
syndrome in the anterior optic nerve.72
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The role of systemic diseases such as hypertension and 
diabetes has been examined (see also Chapter 39). Hyper-
tension was present in 34% to 47% of patients with AION 
but was significantly different from that in patients with-
out AION only in those 45 to 64 years of age. Increased 
prevalence of diabetes is present in most studies of AION, 
but AION has not been consistently associated with 
stroke and myocardial infarction, cigarette smoking, and 
elevated cholesterol.58 Among patients in the Ischemic 
Optic Neuropathy Decompression Trial (IONDT), 47% 
had hypertension, 24% had diabetes, 11% had a previous 
myocardial infarction, and 3% had a stroke.83 These pro-
portions of patients with vascular risk factors might, how-
ever, be similar to those in the general population. For 
ethical reasons, the IONDT could not include a non-ION 
control group. Smoking also might be a risk factor for 
the development of ION, but large numbers of patients 
have not been reported. AION may be associated with 
prothrombotic factors, such as deficiencies of protein C, 
protein S, or factor V Leiden, but reports are conflicting.84

PATIENT CHARACTERISTICS

Most of the cases occurring after spine surgery have been 
PION.85 A diagnosis of AION occurs more frequently after 
cardiac surgery. The onset of POVL is typically within the 
first 24 to 48 hours after surgery and is frequently noted 
on awakening, although later onset has been described, 
particularly in sedated patients whose lungs were mechan-
ically ventilated postoperatively.13 Patients present typi-
cally with painless visual loss, afferent pupil defect or 
nonreactive pupils, complete visual loss, no light percep-
tion, or visual field deficits. Color vision is decreased or 
absent. In AION, altitudinal visual field deficits may be 
present. Optic disk edema and hemorrhages are seen on 
symptom onset in AION; in PION, the optic disk appears 
normal even though the patient reports visual loss. Over 
a span of weeks to months, optic atrophy develops. The 
lesion may be unilateral or bilateral, but most post–spine 
surgery ION cases have bilateral involvement. In ION, 
orbital MRI is frequently nondiagnostic, although some 
reports have described changes including enlargement of 
the nerve from edema or perineural enhancement.86 More 
recent MRI techniques may enhance diagnostic capabili-
ties.87 Visual evoked potential is abnormal, whereas the 
electroretinogram is unaffected.88

Some of the individual case reports should be examined, 
especially when some patient-specific data are provided. 
After presentation of this information, the more recent 
case series will be examined. Case reports in the literature 
from 1968 to 2002 described 51 patients in whom peri-
operative AION was diagnosed.89 Among this group, 59% 
underwent open heart surgery; 12%, nasal, head, or neck 
surgery; and 12%, spine surgery. The average age was 53 
years, and 72% were male. In many cases, data are missing 
and variability is seen in the types of data reported. These 
patients tended to undergo lengthy operations, with an 
average operative time of 508 minutes. In patients for 
whom blood pressure was reported, mean arterial pressure 
averaged 92 mm Hg preoperatively and the lowest mean 
arterial pressure averaged 65 mm Hg intraoperatively. 
Preoperative hemoglobin averaged 13.7 g/dL, the lowest 
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intraoperative value was 8.7 g/dL, and the postoperative 
hemoglobin concentration was 8.1 g/dL. The patients 
received considerable amounts of fluid intraoperatively; 
they averaged 1.4 L of blood replacement, 8.2 L of crys-
talloid, and 1.0 L of colloid. In 20%, blood loss exceeded 
2 L. Coronary artery disease was present in 61%, hyper-
tension in 27%, and diabetes mellitus in 24% of patients. 
Because of the predominance of CABG, these data may 
be weighted toward a more frequent prevalence of these 
disorders in this group.

In 67%, symptoms of visual loss were not evident 
until more than 24 hours after surgery, either because of 
delayed onset of the disease or delayed recognition of the 
symptoms and signs of AION in the perioperative period 
as a result of mechanical ventilation and sedation post-
operatively. Nearly all had disc edema, pallor, or both. 
Over 60% had an afferent pupil defect or nonreactive 
pupils. The visual field deficit was altitudinal in 14%, a 
central scotoma was present in 20%, and in 20% blind-
ness was the initial symptom. Visual loss was bilateral in 
55% and unilateral in 45% of patients. Some treatment 
was attempted in 15 patients, including steroids, aggres-
sive volume replacement, vasopressors, or a combina-
tion of these therapies. Treatment did not necessarily 
result in improvement. Overall, in the 51 patients, 47% 
had no improvement or a worsening of symptoms, 29% 
improved, and in 25% the outcome was not described.

Between 1968 and 2002, case reports described 38 
patients with perioperative PION. The nature of the sur-
gical procedures in these patients tended to differ from 
those in the AION reports. In this group, 8% underwent 
open heart surgery; 24%, nasal, head, or neck surgery; 
and 39%, spine surgery. The average age was 50 years, 
and 63% were male. Although AION is rarely reported 
in children, four patients with PION were 13 years or 
younger. As with AION, surgery tended to be lengthy, 
averaging 448 minutes. In patients for whom blood 
pressure was reported, mean arterial pressure averaged 
90 mm Hg preoperatively, with an average lowest mean 
arterial pressure intraoperatively of 61 mm Hg. Preop-
erative hemoglobin averaged 12 g/dL, the lowest intra-
operative hemoglobin concentration was 8 g/dL, and 
postoperative values averaged 10 g/dL. These values are 
similar to those reported in the patients with AION. 
Hematocrit decreased from 44% to 27% intraoperatively 
and increased to 29% postoperatively. The patients also 
received considerable amounts of fluid intraoperatively; 
they averaged 2.3 L of blood replacement, 8.8 L of crys-
talloid, and 1.6 L of colloid. In 37% of cases, intraopera-
tive blood loss exceeded 2 L. Coronary artery disease was 
present in only 8%, hypertension in 32%, and diabetes 
mellitus in 21%. In contrast to patients with AION, the 
incidence of coronary artery disease was much lower. 
The onset of symptoms was typically within 24 hours 
postoperatively. Blindness was reported in 47%, an alti-
tudinal defect in 8%, and a central scotoma in 26%. 
Twenty-seven (71%) patients had an afferent pupil defect 
or nonreactive pupils. A normal optic disk on initial fun-
duscopic examination was evident in 92%. Visual loss 
was bilateral in 63% and unilateral in 34%. Forty-five 
percent had no improvement, 29% improved, and for 
18% the outcome was not described.
In summary, most patients with AION had undergone 
open heart surgery. The largest single group of patients 
with PION had spine fusion surgery. The main differ-
ences were a less frequent incidence of coronary artery 
disease in the group with PION; the occurrence of PION 
in younger patients; an increase in intraoperative blood 
replacement, more rapid onset or recognition of visual 
loss, and a greater likelihood of complete blindness ini-
tially in PION cases than in AION cases.

RETROSPECTIVE CASE SERIES

Sadda and associates90 retrospectively collected 72 reports 
on cases of ION from two large academic institutions over 
a 22-year period. In 38 subjects, PION developed spon-
taneously, and in 28, it developed in the perioperative 
period. In the remaining 6, the diagnosis was arteritic 
PION. For the 38 with spontaneous nonarteritic PION, 
the average age was 68 years; 39% had hypertension, 24% 
had diabetes, 18% had coronary artery disease, and 32% 
had a history of cerebrovascular disease. Bilateral involve-
ment occurred in 21%, and 90% had some form of visual 
field deficit. Only 30% improved, and 35% worsened. 
Unlike AION, in which a structural difference in the optic 
nerve, such as a small cup-to-disk ratio, may be found, 
these authors could identify a structural abnormality in 
the optic nerve in only 4% of patients with PION. The 
14 patients who had spinal surgery tended to be younger 
and have a lower incidence of coronary artery disease 
and diabetes, but not hypertension, relative to the other 
two groups. Unfortunately, intraoperative data were not 
included, but the postsurgical patients were more likely 
to have bilateral involvement (54%) and a worse visual 
outcome at initial examination and later follow-up com-
pared with PION in nonsurgical cases.

Buono and Foroozan85 reviewed 83 PION cases reported 
in the literature. In 36, details of clinical features were 
included; in the other 47, aggregate data had been reported. 
Approximately 54% followed spine surgery, 13% radical 
neck dissection, and 33% other surgery. Mean age was 52 
years; patients who had spine surgery were younger (mean 
age, 44 years) than those in the other groups. Approxi-
mately two thirds were men. In 75% of cases, visual loss 
was apparent within 24 hours of surgery. Visual acuity was 
“counting fingers” or worse in 76%, and 54% of eyes had 
an initial visual acuity of no light perception. Over 60% of 
cases were bilateral. In 38% of patients, vision improved, 
but of 14 with no light perception initially, 12 (85%) had 
no improvement. Among patients with PION, 65% had 
one or more of the following: hypertension, diabetes, cig-
arette use, hypercholesterolemia, coronary artery disease, 
congestive heart failure, arrhythmia, cerebrovascular dis-
ease, or obesity. Mean lowest hemoglobin value was 9.5 g/
dL (5.8 to 14.2 g/dL), mean lowest systolic blood pressure 
was 77 (48 to 120 mm Hg), mean intraoperative blood loss 
was 3.7 L (0.8 to 16 L), and mean operative duration was 
8.7 hours (3.5 to 23 hours).

Spine Surgery
Cheng and colleagues91 surveyed neurosurgeons in the 
United States who performed spine surgery, with 24 cases 
of visual loss reported by 22 surgeons. Mean age was 47 



± 15 years. Lumbar spine surgery was the procedure per-
formed most frequently, and mean surgery duration was 
4.8 ± 3.5 hours. Mean hematocrit changed from 42 ± 5% 
to 35 ± 7%. Mean estimated blood loss was 793 ± 1142 mL. 
In 5 patients, estimated blood loss exceeded 1800 mL; 3 
received blood transfusions. Of the 24 patients, 21 were 
normotensive intraoperatively and 2 had deliberate 
hypotension; 4 had diabetes mellitus, 1 had peripheral 
vascular disease, and 1 had diabetes and peripheral vas-
cular disease.

Ho and associates92 reviewed reported cases of AION 
and PION in the literature after spine surgery. In the 5 
cases of AION and 17 of PION, median ages were 53 and 
43 years, respectively. Most of the cases followed lumbar 
spine fusion surgery. Mean operative time for AION cases 
was 522 minutes and for PION cases was 456 minutes. For 
AION, the range of the lowest mean arterial pressure was 
62 to 78 mm Hg; for PION, it was 52 to 85 mm Hg. Low-
est mean intraoperative hematocrit was 27% in the PION 
cases. Mean blood loss was 1.7 L and 5 L for AION and 
PION, respectively. Crystalloid/colloid volumes averaged 
6.0/0.8 L and 8.0/2.2 L for AION and PION, respectively. 
Sixty percent of patients with AION and 27% with PION 
had diabetes mellitus; coronary artery disease was noted 
in 20% of patients with AION and in none with PION. 
Prevalence of hypertension was similar (40% or 53%). 
Symptoms were reported within 24 hours of surgery in 
40% of patients with AION; 59% of patients with PION 
reported symptoms immediately on awakening and 88% 
within 24 hours. Visual acuity improved somewhat in 
60% of AION and 65% of PION cases.

Data from spine surgery patients in the ASA Postop-
erative Visual Loss Registry12 showed striking differences 
between patients with ION (n = 83) and those with CRAO 
(n = 10). The average blood loss in ION patients was 2.0 
versus 0.75 L with CRAO. The lowest hematocrit was 26% 
with ION and 31% with CRAO. With ION, decreases in 
blood pressure varied widely from preoperative baseline: 
in 33% of cases, the lowest systolic blood pressures were 
greater than 90 mm Hg; in 20%, the lowest was 80 mm Hg 
or less. Approximately 57% of patients had systolic or 
mean arterial blood pressure 20% to 39% below baseline, 
and 25% of patients were at 40% to 49% below preop-
erative baseline. Deliberate hypotension was used in 
approximately a fourth of the patients. Nearly all cases 
involved surgery exceeding 6 hours. In the majority of 
the patients, estimated blood loss was greater than 1 L, 
the median estimated blood loss was 2 L, and the median 
lowest hematocrit was 26%. Large-volume fluid resuscita-
tion was typical in these patients, with median crystal-
loid administration of approximately 10 L. Most of the 
patients underwent thoracic, lumbar, or lumbar-sacral 
fusion procedures that were often repeat operations that 
mostly involved multilevel surgery. Surgical positioning 
devices for these patients were the Wilson frame (30%), 
Jackson spinal table (27%), and soft chest rolls (20%). A 
foam pad was used for head positioning for 57%; 19% 
had the head positioned in a Mayfield head holder. PION 
accounted for the majority of the cases, compared with 
AION. Patients in ASA class 1 or 2 accounted for 64% of 
cases. The mean age was 50 ± 14 years. Approximately 
41% had hypertension, 16% had diabetes mellitus, and 
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10% had coronary artery disease. The ASA Postopera-
tive Visual Loss Registry does not have a control group 
of unaffected spine surgery patients for comparison to 
enable a case-control study of risk factors.

In a retrospective case-control study of 28 patients 
with visual loss after spine surgery, Myers and col-
leagues11 found no difference in the lowest systolic blood 
pressure or hematocrit in the affected versus unaffected 
patients, suggesting that hypotension and anemia do 
not completely explain the occurrence of ION. Approxi-
mately 40% of these patients had no risk factors for vas-
cular disease preoperatively; a similar percentage in the 
two groups had hypertension or were smokers.11

An important follow-up study to the ASA Postopera-
tive Visual Loss Registry and a more complete examina-
tion of possible risk factors compared to the Myers study 
was published in 2012. This study was a multicenter 
case-controlled retrospective examination of the factors 
involved in perioperative ION in lumbar spine fusion sur-
gery. Affected patients were those in the first publication 
of the ASA Postoperative Visual Loss Registry. The con-
trol patients were randomly selected matched patients 
derived from 17 academic medical centers in the United 
States and Canada. The results of the study are sum-
marized in Table 100-3. In this retrospective controlled 
study, six specific factors were found to confer higher risk 
for sustaining perioperative ION in the setting of lum-
bar spine surgery: male gender, obesity, positioning on 
a Wilson frame, duration of anesthesia, large blood loss, 
and a relatively low ratio of colloid to crystalloid fluid 
resuscitation.13

Cardiac Surgery
Two retrospective case-control studies of blindness after 
cardiac surgery have been reported (see also Chapter 67). 
Shapira and colleagues8 studied 602 patients at a single 
institution. Patients underwent CPB under moderate 
systemic hypothermia (25° C) with pulsatile flow and a 
membrane oxygenator. Neo-Synephrine was used if per-
fusion pressure could not be maintained above 50 mm Hg 
despite a flow index of 2 L/m2/min, and α-stat was used for 
pH management. Eight patients (1.2%) had AION. There 
were no differences in preoperative risk factors for vascu-
lar disease between patients with or without visual loss. 
CPB time was longer in patients with AION (252 versus 
164 minutes), and minimum hematocrit was lower (18% 
versus 21%) compared with unaffected patients. No dif-
ferences were found in flow indices, perfusion pressures, 

TABLE 100-3 FACTORS INCREASING THE ODDS 
RATIO OF DEVELOPING PERIOPERATIVE ION IN 
LUMBAR SPINE FUSION SURGERY

Odds Ratio P Value

Male 2.53 (1.35-4.91) .005
Obesity 2.83 (1.52-5.39) .001
Wilson frame 4.30 (2.13-8.75) <.001
Anesthesia duration, per hour 1.39 (1.22-1.58) <.001
Estimated blood loss, per 1 L 1.34 (1.13-1.61) .001
Colloid as percent of nonblood 

replacement, per 5%
0.67 (0.52-0.82) <.001
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and Pco2 levels intraoperatively. Patients with AION had 
a greater 24-hour postoperative weight gain (18% versus 
11%) and required more epinephrine and amrinone post-
operatively to maintain hemodynamics than did patients 
with unaffected vision. Visual symptoms were usually 
reported between days 1 and 3 postoperatively, soon after 
removal of mechanical ventilatory support.

Nuttall and colleagues9 performed a larger retrospec-
tive case-control study of approximately 28,000 patients 
who had cardiac surgery at the Mayo Clinic from 1976 
to 1994, with 17 patients with ION (0.06%). By univari-
ate analysis, significant risk factors included lower mini-
mum postoperative hemoglobin, history of clinically 
severe vascular disease, preoperative angiogram within 
48 hours of CPB, longer duration of CPB, RBC trans-
fusions, and any use of non-RBC blood components. 
Patients with ION underwent longer CPB runs; no differ-
ences were found in pre-CPB or post-CPB systemic blood 
pressures. Nine cases of bilateral ION were reported; disk 
edema was not found in 5 patients (29%), who may have 
had PION, not AION. Small cup-to-disk ratio (<0.3) was 
identified in 5 patients (29%) with ION. A more recent 
series by Holy and colleagues93 showed similar results, 
but their series included other surgical procedures, 
which complicates interpretation of the specific results 
with cardiac surgery. Kalyani and colleagues10 retrospec-
tively reviewed cases of ION after 9701 cardiac surgeries 
over a 9-year period at a single institution. Specific risk 
factors could not be determined from the 11 patients 
(0.11%) with ION.

Trauma
Cullinane and co-workers94 retrospectively reviewed the 
medical records of over 18,000 trauma cases at a single 
institution between 1991 and 1998 (see also Chapter 81). 
Of these, 350 required massive resuscitation with more 
than 20 L of fluid during the first 24 hours after admis-
sion. Volume resuscitation consisted of 21 to 50 L (mean 
33 ± 8 L) in the first 24 hours. ION was found in 2.6% 
(9 patients). Four patients had bilateral blindness. No 
information was provided on funduscopic examinations. 
The mean age was 34 ± 13 years. Patients were acidotic, 
with serum lactate levels ranging from 2.5 to 17.5 mEq/L. 
Mean lowest hematocrit was 7.5% to 28% (mean 20 ± 
8%); blood products included 9 to 39 units of packed 
RBCs (mean 22 ± 10 units). All patients had a coagu-
lopathy, and all developed acute respiratory distress syn-
drome that required increased levels of inspired O2 and 
positive end-expiratory pressure (mean level 29 ± 9 cm 
H2O). All patients had systemic inflammatory response 
syndrome, and 66% had compartment syndrome at some 
location remote from the eye. Mean time until detection 
of visual loss was 36 days because patients needed pro-
longed mechanical ventilation and sedation.

BLOOD SUPPLY TO THE OPTIC NERVE

ION affects the anterior portion of the optic nerve in 
AION or beyond the retrolaminar region behind the eye 
in PION. The ischemic insult has been theorized to be 
of vascular origin, but this has not been conclusively 
shown; whether the defect is on the arterial or venous 
side has not been resolved. Anatomy of and blood sup-
ply to the anterior and posterior optic nerves differ.73 The 
pathophysiologic basis of PION is even less well under-
stood than that of AION.

The anterior portion of the optic nerve is proximal to 
the lamina cribrosa, an elastic, collagenous tissue through 
which the optic nerve, central retinal artery, and central 
retinal vein pass as they enter the optic disk. The ante-
rior portion of the optic nerve includes the superficial 
nerve fiber layer and the prelaminar region. The pre-
laminar area is a thick tissue that constitutes most of 
the optic disk volume.95 The superficial nerve fiber layer, 
composed of axons extending from the retinal ganglion 
cells, is anterior to the plane extending across the optic 
nerve from the peripapillary Bruch membrane. Immedi-
ately posterior is the prelaminar region, adjacent to the 
peripapillary choroid. The laminar region is a transition 
zone between columns of glial cells and dense connective 
tissue plates. Astrocytes are predominant in the anterior 
optic nerve, and oligodendrocytes and microglial cells are 
more common in the posterior or retrobulbar optic nerve. 
Neural fibers transit the laminar region through fenestra-
tions. The retrolaminar region is the posterior portion of 
the optic nerve and consists of meningeal sheaths and 
myelinated axons. The diameter of the optic nerve is 
enlarged in this area to approximately 3 mm.

The superficial nerve fiber layer derives its blood sup-
ply mainly from arterioles in the retina, although in the 
temporal regions it may receive blood from the posterior 
ciliary arteries. The prelaminar region is perfused by cen-
tripetal branches of the peripapillary choroid and vessels 
from the circle of Zinn-Haller (Fig. 100-3), which are not 
found in every eye.73 Whether the region has a choroid-
derived source of blood is controversial. The laminar 
region is supplied by centripetal branches from the short 
posterior ciliary arteries or by the circle of Zinn-Haller, 
but the short posterior ciliary arteries are the primary 
inputs. Longitudinal anastomoses of capillaries can be 
seen in the prelaminar and laminar regions and may pro-
vide some circulation, although their functional impor-
tance is not clearly known.

The retrolaminar, posterior portion of the optic nerve, 
which is affected in PION (Fig. 100-4), is perfused by two 
main vascular supplies. The peripheral centripetal vascu-
lar system is the major supply and is found in all optic 
nerves. It is formed by recurrent branches of the peripap-
illary choroid and the circle of Zinn-Haller. Pial branches 
of the central retinal artery and other orbital arteries, the 
ophthalmic artery, and the posterior ciliary arteries also 
contribute. Branches of the pial vasculature run in the 
septa of the nerve. The axial centrifugal vascular system is 
formed by small branches from the intraneural part of the 
central retinal artery and is not present in every eye; thus, 
differences in blood supply in the posterior optic nerve 
may render some individuals more susceptible to PION.96

CONTROL OF BLOOD FLOW

Studies of autoregulation of blood flow in the optic nerve 
head have yielded conflicting results because measure-
ment techniques are limited. Blood flow in the optic 
nerve head is autoregulated within a range of perfusion 



 
 
 
 
 

 

 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

pressures similar to those in the brain of monkeys and 
sheep. In a small sample of atherosclerotic monkeys, 
however, autoregulation was defective.97 This study did 
not directly measure blood flow; rather, it measured glu-
cose consumption, and the sample size was small. Other 
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Figure 100-3. The origin, course, and branches of the ophthalmic 
artery, including the posterior ciliary arteries, as seen from above. Ant. 
sup. hyp. art., anterior superior hypophyseal artery; CAR, central retinal 
artery; Col. Br., collateral branches; CZ, circle of Zinn and Haller; ICA, 
internal carotid artery; LPCA, lateral posterior ciliary artery; Med. mus., 
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Anderson DR, et al, editors: Current concepts on ocular blood flow in 
glaucoma. The Hague, Netherlands, 1999, Kugler.)
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evidence of autoregulation is seen in the posterior portion
of the optic nerve. In cats, blood flow in the optic nerve
measured directly by autoradiography remained constant
in the prelaminar, laminar, and postlaminar nerve across
a range of systemic mean arterial blood pressure values
from 40 to more than 200 mm Hg.98

In a study in 13 healthy volunteers, blood flow in
the optic nerve head measured by laser Doppler flow-
metry was constant between ocular perfusion pressures
of 56 to 80 mm Hg99; in another, flow was preserved at
extremely high IOP that resulted in a minimal perfusion
pressure of 22 mm Hg.100 Other investigators found that
flow was preserved in the optic nerve head until ocular
pressure reached levels of 40 mm Hg. However, 2 of 10
healthy young volunteers in the study failed to dem-
onstrate autoregulation.78 Using color Doppler imaging
in humans, another group showed that flow velocity in
the posterior ciliary arteries decreased at extremely high
IOP. These findings seem to support the theory that
“watershed” areas in the distribution of the posterior
ciliary arteries predispose some patients, including oth-
erwise healthy ones with no known vascular disease, to
damage to the anterior portion of the optic nerve when
perfusion pressure is decreased, either after systemic
blood pressure decreases or IOP is elevated. At present,
however, no clinical technique can reliably detect such
patients.

HISTOLOGIC FINDINGS

Few reports have been published on the histopathologic
examination of the optic nerve in ION. Of three PION
cases evaluated after surgical procedures, all of the patients
showed infarcts in the intraorbital portion of the optic
nerve, but results were not consistent. Two patients had
lesions in the central axial portion with peripheral axonal
sparing; the other had the opposite pattern in one eye
and complete axonal loss in the other.85 Despite a larger
autopsy series in AION, the location of the infarct has not
been documented. Tesser and colleagues72 showed that
in a patient with spontaneous AION the axonal loss was
in the superior part of the nerve, largely encircling the
central retinal artery. The infarct was in the intrascleral
portion of the nerve, extending 1.5 mm posteriorly.
S

Figure 100-4. The blood supply to the optic nerve. The anterior 
portion of the optic nerve is located to the left, whereas the posterior 
portion (closer to the brain) is on the right. The anterior portion of 
the nerve derives its blood supply from the posterior ciliary arteries 
(PCA) and the choroid (C), whereas the posterior optic nerve derives 
its blood supply from penetrating pial arteries (collateral branches 
[Col. br.]) and branches of the central retinal artery (CRA). A, Arach-
noid; CRV, central retinal vein; D, dura; LC, long ciliary artery; ON, 
optic nerve; PR, short posterior ciliary artery; R, retina; S, sclera; 
SAS, subarachnoid space. (From Hayreh SS: Ischemic optic neuropa-
thy, University of Iowa, Department of Ophthalmology. <http://www.
medicine.uiowa.edu/eye/AION-part2.> Accessed August 8, 2014)
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POSSIBLE PATHOGENIC FACTORS

Factors in perioperative ION via retrospective case-control 
studies are long surgery; hypotension; blood loss; anemia 
or hemodilution; altered venous hemodynamics; flow of 
cerebrospinal fluid in the optic nerve (including the influ-
ence of patient positioning and perioperative fluid resus-
citation); abnormal autoregulation in the optic nerve; 
anatomic variants in blood supply to the optic nerve; 
male gender; small cup-to-disk ratio; the use of vaso-
pressors; the presence of systemic vascular risk factors, 
including hypertension, diabetes, atherosclerosis, hyper-
lipidemia, obesity, and smoking history; prone position-
ing; lengthy surgery for spinal fusion; the nature of the 
intravascular fluid resuscitation during surgery; and other 
preexisting systemic abnormalities, such as sleep apnea 
syndrome and hypercoagulability.

Some of these factors are often present in an individual 
patient in an unpredictable fashion. In most cases, hypo-
tension, anemia, and intravascular fluid resuscitation 
have occurred. Many of the patients with ION after spine 
surgery were relatively healthy preoperatively. Hypoten-
sion, blood loss, lengthy surgery, and large intravascular 
fluid administration occur frequently in many patients 
undergoing complex spine surgery.11,85,90-92 Perhaps a 
combination of these factors, together with abnormal 
autoregulation in the posterior optic nerve, prothrom-
botic tendencies, and other patient-specific factors, are 
responsible for ION.

CURRENT KNOWLEDGE AND 
CONTROVERSIES

Because of limited data, risk factors for ION have not yet 
been well defined. However, a number of potential factors 
warrant discussion. Myers and associates11 showed that 
length of surgery and estimated blood loss were higher 
in patients with postoperative blindness after spine sur-
gery than in unaffected patients. This has also been found 
by the Postoperative Visual Loss (POVL) Study Group.13 
Therefore, patients undergoing anticipated long-dura-
tion surgery with large blood loss are recognized to be at 
higher risk.101 Staging of spinal fusion procedures, par-
ticularly those for anterior and posterior surgery, may be 
advisable A discussion between the surgeon and anesthe-
sia provider should occur for appropriate cases. Revision 
spinal fusion procedures are common, and these opera-
tions may be longer in duration and involve larger blood 
losses.

Intraoperative hypotension has been cited as a risk 
factor by a number of authors of case reports,102,103 but 
because it is not always present, and some degree of 
hypotension frequently occurs in anesthetized patients, 
hypotension itself might not be responsible.8,104-106 In the 
survey by Cheng and colleagues91 of 24 cases of visual 
loss after spine surgery, deliberate hypotension was used 
in only 2 cases.91 In a retrospective case-control study 
of patients undergoing spinal fusion, Myers and col-
leagues11 showed that levels of hypotension and anemia 
were equivalent in patients in whom ION developed after 
spinal surgery and in those in whom it did not. In the 
ASA Postoperative Visual Loss Registry, which contains 
the largest series of visual loss after spine surgery, a 
wide variation was observed in blood pressure decreases 
intraoperatively among the patients with ION; in 33% 
of cases, the lowest systolic blood pressures were more 
than 90 mm Hg, and in 20% the lowest were 80 mm Hg 
or less. Approximately 57% of patients had systolic or 
mean arterial blood pressure 20% to 39% below baseline, 
and in 25% of patients it was 40% to 49% below preop-
erative baseline. Deliberate hypotension was used in 27% 
of the patients.12 Patil and colleagues4 reported a higher 
odds ratio for ION in patients who sustained hypoten-
sion. However, the study results are weakened by a num-
ber of factors. Among them are that this study used the 
Nationwide Inpatient Sample (NIS). None of the diagnos-
tic coding can be confirmed, and the timing (periopera-
tive period or not) and the degree of hypotension are not 
specified and cannot be determined using the NIS.3,107 
The POVL Study Group did not find an involvement of 
hypotension in the case-control study.13 The same result 
was reported by Holy and colleagues.93 Similarly, in the 
retrospective case-control study by Shapira and associ-
ates8 of 602 patients who underwent open heart surgery 
at one institution during a 2-year period, the lowest per-
fusion pressure intraoperatively was no different between 
affected and normal patients. The larger case-control 
study by Nuttall and co-workers9 did not report the blood 
pressures during CPB, but no differences were observed in 
prebypass or postbypass blood pressures between patients 
with ION and unaffected patients. In open heart surgery, 
hypothermia during CPB and other systemic alterations 
such as systemic inflammatory syndrome might play a 
role in the development of ION but these mechanisms 
have not been studied.

Hypotension can potentially lead to decreases in per-
fusion pressure in the optic nerve and to ischemic injury 
because of either anatomic variation in the circulation or 
abnormal autoregulation and an inability to adequately 
compensate for decreased perfusion pressure. The degree 
of hypotension that is potentially dangerous is difficult to 
quantitate because of the lack of data in the literature.101

Blood loss may be considerable in reports of peri-
operative ION. It is apparent that, on average, patients 
sustained considerable blood loss and had a decreased 
hemoglobin concentration intraoperatively. Clinical 
blood transfusion practice in surgical patients, based on 
ASA practice guidelines,108 suggests that transfusion is 
not generally required for hemoglobin values higher than 
8.0 g/dL. The Society of Thoracic Surgeons and the Soci-
ety of Cardiovascular Anesthesiologists, which reviewed 
the available evidence base for these practices in cardiac 
surgery in particular, has issued a recent, similar clinical 
practice guideline.109

Some authors suggest that allowing hemoglobin to 
decrease, as is common in anesthesia practice, may be 
putting patients at increased risk for ION110; however, 
whether practice should be changed in surgical proce-
dures such as spine or heart surgery—or in any opera-
tive procedure—remains controversial. Four retrospective 
case-control studies examined whether decreased hemo-
globin or hematocrit relates to the occurrence of ION. In 
patients undergoing spine surgery, Myers and associates11 
determined that the lowest levels of hematocrit did not 



differ between patients sustaining ION and those who 
were not affected; similarly the POVL Study Group found 
that decreased hemoglobin did not increase the odds 
ratio for developing ION.13 Holy and colleagues93 had 
similar findings but in a mixed population of patients. 
In patients undergoing cardiac surgery, Nuttall and co-
workers9 found a somewhat different result. The presence 
of a lower minimum postoperative hemoglobin was asso-
ciated weakly with ION (odds ratio, 1.9; P < .047). Looked 
at another way, 13 of 17 patients with ION in their study 
had a minimum postoperative hemoglobin value less 
than 8.5 g/dL, versus 14 of 34 control patients with this 
level. The type of ION sustained by the patients was not 
specified, and the study had numerous statistical com-
parisons and a small sample size. Because spine and open 
heart surgery patients are different, it is doubtful that the 
results can be extrapolated to types of surgery other than 
cardiac. Although visual loss after cardiac surgery is a rare 
but dreaded complication, the possibility of a relation-
ship among blood loss, hemoglobin value, and visual loss 
was not a consideration in the clinical practice guideline 
for blood transfusion in cardiac surgery.109

In uncontrolled hemorrhage in which blood volume 
is not maintained, decreased O2 delivery to the optic 
nerve could result in either AION or PION.111 Just how 
low or for how long the hemoglobin concentration must 
decrease to lead to this complication is not known (see 
also Chapter 61). However, the presence of recurrent 
and profound hemorrhage has been described in many 
reports. The argument that blood loss in the presence of 
maintained intravascular volume (hemodilution) is harm-
ful seems less scientifically grounded. It has been shown 
experimentally in miniature pigs that blood flow in the 
optic nerve head, as measured by laser Doppler imaging, 
was maintained during isovolumic hemodilution with 
a 30% decrease in hematocrit. Moreover, O2 tension at 
the vitreal surface increased 15%.112 Also, Lee and asso-
ciates113 demonstrated that extreme decreases in hema-
tocrit (15%) and mean arterial pressure (50 mm Hg) in 
adult pigs resulted in significant reductions in blood flow 
to the optic nerve. But no histologic or optic nerve func-
tion was studied, and the pig brain and eye circulation 
significantly differ from that of humans.113 Hemodilution 
in cats resulted in a nonsignificant decrease in choroidal 
O2 delivery114 and an increase in preretinal O2 tension.115 
Healthy volunteers tolerated very deep levels of hemo-
dilution (hemoglobin 50 g/L) without any disturbance 
in systemic O2 delivery.116 The multicenter prospective 
randomized trial conducted by Hebert and co-workers117 
provided data justifying clinical use of a liberal transfu-
sion strategy (lower hematocrit) in critically ill patients. 
AION and PION occur in massive intravascular fluid 
replacement. Many reports include patients who were in 
the prone position, raising the possibility that position-
ing itself contributes to altered venous hemodynamics 
within the optic nerve. The patient’s head should be level 
with or above the heart, when possible, and in a neutral 
position during spine surgery performed with the patient 
in the prone position. Several studies found that IOP 
increased in the prone position and was influenced by 
the position of the operating room table. However, there 
has been no correlation between IOP changes and visual 
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outcome or visual function.18 Cheng and colleagues19 
found that in anesthetized patients, IOP increased sig-
nificantly on initial prone positioning relative to supine 
(27 ± 2 versus 13 ± 1 mm Hg). After 5 hours in the prone 
position, IOP remained increased at 40 ± 2 mm Hg. None 
of the 20 patients in the study experienced visual loss. 
The largest increases in IOP were evident near the time 
patients were awakening. Although these data suggest 
that ocular perfusion pressure may decline even dur-
ing maintenance of normotension, some experimental 
design issues must be considered in interpreting these 
results. The main issue is that the largest increases in IOP 
were evident near the time of awakening from anesthesia. 
Accordingly, IOP could have increased because of light 
anesthesia. Moreover, the study did not include a supine 
group to control for the effects of fluid administration on 
IOP. Such control is important because prone positioning 
itself may not explain the large increases in IOP. These 
results are valuable as well as of concern, but further stud-
ies are needed to fully evaluate their significance.

External pressure on the eye is a potential concern 
when a patient is positioned prone for surgery. Many 
cases of ION have occurred when pressure could not have 
been placed on the eye. Such cases include patients in pin 
head holders118 and those in whom the head was turned 
with the affected eye placed upward.119 But ION would 
not occur without retinal damage in a situation in which 
external compression was applied (see earlier discussion). 
Although we demonstrated that high IOP decreased reti-
nal and choroidal blood flows in cats,23 Geijer and Bill120 
specifically measured the impact of graded increases in 
IOP on blood flow in the retina and optic nerve in mon-
keys. When IOP was elevated such that perfusion pressure 
was decreased to levels above 40 cm H2O, small effects on 
retinal blood flow and in the prelaminar portion of the 
optic nerve were noted. When perfusion pressure was 
less than 40 cm H2O, retinal and prelaminar flows were 
proportional to the perfusion pressure. At very high IOP, 
blood flow stopped in the retina and the prelaminar area 
but flow in the retrolaminar region increased. High IOP 
results in a redistribution of blood flow that favors the 
retrolaminar portion of the optic nerve. Therefore, an 
increase in IOP would not produce an isolated ION with-
out also causing retinal damage. Further support is that 
sustained increases in IOP significantly decreased both 
retinal and choroidal blood flow, and even small increases 
in IOP damaged the retinal ganglion cells, which are sen-
sitive to pressure alterations.23,42

The theory that massive intravascular fluid resuscita-
tion could be a pathogenic factor in perioperative ION 
remains speculative, but it does have some merit. Fluid 
resuscitation is a necessity during lengthy, complex spine 
surgery associated with substantial blood and fluid losses 
at the operative site.104,105 Conceivably, fluid administra-
tion could result in increased IOP, accumulation of fluid 
in the optic nerve, or both. Because the central retinal 
vein exits out of the optic nerve, an internal compartment 
syndrome may occur in the optic nerve. Alternatively, 
fluid accumulation in the vicinity of the lamina cribrosa 
may compress axons as they transit this region. In the 
report by Cullinane and associates,94 trauma patients who 
were acidotic received massive blood replacement and 
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most had abdominal compartment syndrome. Analysis 
of these patients is complicated because of the presence 
of numerous systemic alterations. Sullivan and associ-
ates121 described a retrospective series of 13 burn patients 
with 25% or greater body surface area burns and massive 
fluid resuscitation. IOP was elevated more than 30 mm Hg 
in 4 patients at 48 hours after admission, all of whom 
received more than 27 L of intravenous fluid. Eye findings 
and vision diagnoses were not described. Large-volume 
fluid replacement is generally seen in many case reports 
of ION.89 Patients in the ASA Postoperative Visual Loss 
Registry received on average 9.7 L of crystalloid intraop-
eratively,12 and increased postoperative weight gain was 
identified in a case-control study of visual loss after heart 
surgery,8 suggesting, although not proving, that fluid 
replacement may play a role. The finding of the POVL 
Study Group was that the odds ratio for developing ION 
was increased as the percent colloid of nonblood replace-
ment decreased.13 It is possible that the use of colloids 
may decrease edema in the optic nerve during surgery, 
particularly when the patient is placed prone for sur-
gery. However, at present, such edema has not yet been 
demonstrated. In healthy volunteer subjects, placement 
in the prone position led to an increase in diameter of 
the optic nerve.122 This could be due to venous hyperten-
sion. New MRI methods may enable the study of edema 
and venous hemodynamics in the optic nerve in the near 
future. Animal models also may provide a means to study 
these perioperative factors.

Further support of an idea that increases in venous 
pressure within the optic nerve are potentially deleterious 
can be seen in reports of ION after head and neck surgery 
in which the internal jugular veins were ligated.17,62,123 
However, there are venous drainage bypass pathways 
from the head and neck when the internal jugular veins 
are ligated. Although the relationship to fluid therapy 
is not clear, Myers and colleagues,11 the POVL Study 
Group,13 and Patil and co-workers4 found that longer 
surgery was associated with ION. However, cases of ION 
have been found after widely varying operative times.12

Cases of ION have been reported after radical robotic-
assisted prostatectomy (see also Chapter 87). This surgical 
procedure is notable for placement of the patient in steep 
head-down tilt and increases in intraabdominal pressure 
because of laparoscopy.124 Some have speculated that 
facial edema indicates a risk for ION after spine surgery.125 
However, in clinical practice, facial edema is often seen 
after spinal fusion in many patients in whom ION does 
not develop, and, therefore, its relevance remains unclear 
and facial edema as a risk factor is unproved.

Killer and co-workers126 sampled cerebrospinal fluid 
(CSF) from the subarachnoid space of the optic nerve and 
the lumbar region in patients with idiopathic intracranial 
hypertension undergoing optic nerve sheath fenestra-
tion. The authors compared content of albumin, immu-
noglobulin G, β-trace protein, and brain-derived protein 
lipocalin-like prostaglandin D-synthase. MRI and CT 
cisternography were performed. From differences in the 
ratios of the CSF proteins in the optic nerve versus the CSF 
proteins in the lumbar region, and the results of cisternog-
raphy, they concluded that CSF flow was compartmental-
ized in the optic nerve under these pathologic conditions. 
The implication of this conclusion is that relatively high 
CSF pressures in the intraorbital optic nerve can result 
in compression. Because CSF pressure may increase with 
fluid resuscitation, this may explain optic nerve compres-
sion. However, this theory has not been tested.

Although various theories concerning the role of intra-
operative fluids in perioperative ION have been postulated, 
including extravasation from the central retinal vein, 
influence of directional CSF flow in the optic nerve, and 
changes in intracranial pressure, among others, none of 
these has been examined in either animal or human stud-
ies. MRI of the orbit in humans with ION has provided no 
evidence for any of these theories.127 No study has shown 
any relationship among periorbital edema, IOP, and ION. 
Fluid administration could be a pathogenic factor in ION, 
especially in patients positioned prone or undergoing car-
diac surgery, but the mechanisms involved, as well as the 
amounts and nature of fluid required, remain undefined.

Anatomic variation in the circulation of the optic 
nerve may potentially predispose patients to the develop-
ment of ION. The location of potential watershed zones 
in the anterior and posterior circulation and the presence 
of disturbed autoregulation, even in normal patients,78 
are of concern but at present cannot be predicted clini-
cally. Few human studies have been conducted on the 
relationship between perfusion pressure and changes 
in blood flow in the optic nerve. Human studies gener-
ally show preserved blood flow at clinically used or even 
lower ranges of perfusion pressure, but these studies have 
focused primarily on the anterior portion of the optic 
nerve.99 In the studies that used laser Doppler flowme-
try, depth of penetration of the measuring device is criti-
cal. Measurements might have been closer to the retinal 
blood vessels than the optic nerve head, and these do not 
measure optic nerve circulation. It is not currently fea-
sible to measure blood flow in the human retrolaminar 
optic nerve. In animal studies, blood flow is preserved 
in various layers of the optic nerve, including the retro-
laminar area, at a mean arterial blood pressure as low as 
40 mm Hg.98

Hayreh and associates128 theorized that AION is related 
to excessive secretion of vasoconstrictors, which in turn 
could lower optic nerve perfusion to dangerously low 
levels. However, the theory was based on the develop-
ment of AION in patients who sustained massive hemor-
rhage. Vasopressors are used to maintain blood pressure 
in circumstances such as after cardiac surgery and in cases 
in which vasomotor tone is decreased. Shapira and co-
workers8 showed an association between prolonged use 
of epinephrine or long bypass time and ION in patients 
undergoing open heart surgery. Lee and Lam106 reported 
a case of ION in a patient after lumbar spine fusion dur-
ing which a phenylephrine (Neo-Synephrine) infusion 
was used to maintain blood pressure. They later pre-
sented a series of four case reports of ION in critically ill 
patients with significant systemic illness who required 
prolonged use of vasopressors and inotropic agents to 
maintain blood pressure and cardiac output.129 However, 
α-adrenergic receptors are not located in the optic nerve 
and the blood-brain barrier prevents entry of systemically 
administered agents, except possibly in the prelaminar 
zone of the nerve. Therefore, a role of vasopressor use in 



ION remains unclear and no clear guidance with respect 
to risk for ION can be provided at this time.

A medical history of hypertension, diabetes, and coro-
nary artery or cerebrovascular disease has been cited in 
case reports but is not present in all patients in whom 
ION has developed. Moreover, hypertension and coro-
nary artery disease are nearly always found in patients 
undergoing CABG but ION develops in few of these 
patients. No case-control data have shown an association 
of these factors with the development of ION in spine 
surgery patients, including those studies of Myers, Holy, 
and the POVL Study Group.11,13,93 Case series show that 
many patients with perioperative PION have few vascular 
disease risk factors.90 In a prospective study of nonsurgi-
cal patients, ION was not associated with the presence of 
carotid artery disease.130 Although a basis for the notion 
that perioperative ION is related to atherosclerosis is that 
the optic nerve vasculature would respond abnormally to 
changes in perfusion pressure (i.e., demonstrate disturbed 
autoregulation), this association has not been studied in 
humans, and animal data are inconclusive.97

AION has been described in patients who used erectile 
dysfunction drugs. Cause and effect has been debated,131 
but because of the possible increased risk and unknown 
impact on events in the perioperative period, it seems 
sensible to discontinue use of these agents 1 or 2 days 
before surgical procedures.

Because the sphenoidal sinus and ethmoidal cells are 
close to the orbit and optic nerve and the bone is fragile, 
surgery on the nose and paranasal sinuses poses a special 
risk for ocular damage. Retrobulbar hemorrhage may fol-
low surgical damage to the fragile lateral wall of ethmoidal 
cells, the lamina papyracea. Blindness has occasionally 
been reported after endoscopic sinus surgery132 as a result 
of direct surgical damage to the optic nerve, but indirect 
damage by compression from retrobulbar hematoma 
leading to ION is more commonly reported. Paresis of eye 
muscles (mostly the medial rectus muscle), including pto-
sis, is often seen; an ocular compartment syndrome may 
be present, necessitating immediate surgical decompres-
sion to preserve vision.133 The outcome is poor; in only 
one case was blindness temporary,132 whereas all other 
reported cases of retrobulbar hematoma resulted in per-
manent blindness. The anesthesiologist should maintain 
a high degree of vigilance for possible retrobulbar hemor-
rhage, so that, if it occurs, rapid surgical decompression 
can be accomplished.

In summary, the pathogenesis of perioperative ION 
is incompletely understood. Multiple factors that could 
contribute are frequently present in patients undergo-
ing open heart surgery, spine surgery, or head and neck 
operations. A patient may have anatomic variation and 
abnormal autoregulation in the optic nerve, but these 
anomalies are currently undetectable in the preopera-
tive period. Preexisting as well as intraoperative factors 
may interact in an unpredictable fashion and lead to 
ION. Clinicians should be aware of the higher risk for 
visual loss with prolonged spine surgery with the patient 
positioned prone and in which large blood loss is antici-
pated. The risk is heightened also in these circumstances 
in men, obese individuals, and those positioned for sur-
gery on a Wilson frame and when the percent colloid 
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of total nonblood fluid resuscitation was lower (see also 
Chapter 61). Although concern exists regarding factors 
such as arterial blood pressure and intravascular fluid 
resuscitation during lengthy spine surgery, the mecha-
nisms leading to ION in the perioperative period are not 
well understood.

PROGNOSIS, TREATMENT, AND 
PREVENTION

No proved treatment exists for ION. A few cases of treat-
ing perioperative ION have been reported. Williams and 
co-workers110 reviewed the attempted treatments. Acet-
azolamide decreases IOP and may improve flow to the 
optic nerve head and retina.134 Diuretics such as mannitol 
or furosemide reduce edema. In the acute phase, cortico-
steroids may reduce axonal swelling, but in the postop-
erative period they increase the risk for wound infection. 
Because steroids are of unproved benefit, their use must 
be carefully weighed. Increasing ocular perfusion pressure 
or hemoglobin concentration may be appropriate when 
ION is found in conjunction with significant decreases in 
blood pressure and hemoglobin concentration. Maintain-
ing the patient in a head-up position if increased ocular 
venous pressure is suspected may be advantageous, but 
its use must be balanced against decreased arterial sup-
ply with the head-up position. Clearly, if a patient has 
visual loss from ocular compartment syndrome, immedi-
ate decompression (lateral canthotomy) is indicated (see 
also Chapter 84).

In their review of perioperative PION reports in the 
literature, Buono and Foroozan85 summarized the lack 
of proof that treatment altered the course of PION. In 
a few anecdotal case reports, increasing blood pressure 
or hemoglobin, or applying hyperbaric O2, improved 
visual outcome.89 The use of neuroprotective agents or 
drugs that lower IOP, valuable in theory, has never been 
shown to result in improvement.135 Stevens and associ-
ates,136 who compiled a report of ION in patients after 
spine surgery, had apparent improvement of vision in 
two patients when anemia and hypotension were cor-
rected. One patient demonstrated partial improvement 
that subsequently regressed, and one patient showed 
more clear signs of improvement. However, as Buono 
and Foroozan85 mentioned, it is difficult to ascertain 
if improvement came from treatment, because some 
patients recover vision spontaneously after PION.

Prevention strategies depend on the status of the 
patient’s optic nerve circulation, which is not known 
preoperatively and cannot be monitored intraopera-
tively. Some general recommendations could be made for 
spine surgery, but whether any of these can prevent ION 
remains unknown at this time.

The head should be positioned neutral relative to the 
back, and head-down positioning is discouraged. Although 
intraoperative blood pressure management has not been 
shown to affect the risk for developing ION, arterial blood 
pressure probably should be maintained close to baseline. 
Of course, judgment and discussion are necessary when 
surgeons request a decrease in blood pressure as a means 
of decreasing arterial bleeding and blood loss. In cardiac 
surgery, special considerations exist regarding the optimal 
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systemic perfusion pressures to be maintained during 
CPB. In addition, it is evident that arterial blood pressure 
management is only one part of the care of the anesthe-
tized patient, considering, of course, the entire patient 
and not the optic nerve alone. Increasingly, anesthesi-
ologists are encountering patients whose hypertension is 
controlled with angiotensin-converting enzyme inhibi-
tors or angiotensin II receptor blockers, often together 
with β-adrenergic blockers or calcium channel blockers. 
These patients frequently become hypotensive intraoper-
atively.137 In this common situation during which arterial 
blood pressure declines intraoperatively, particularly dur-
ing spine surgery, vasopressors may be required. Patients 
may be refractory to ephedrine and Neo-Synephrine 
and require vasopressin to maintain blood pressure.137 
Systemic risks exist for increasing blood pressure with 
vasoactive agents or by infusion of intravenous fluids, 
such as decreased renal, liver, and intestinal perfusion, 
congestive heart failure, and myocardial ischemia. These 
risks are important considerations in decisions regarding 
the appropriate range for blood pressure and fluid resusci-
tation requirements.138

Whether hematocrit should be maintained at or near 
its baseline value is controversial (see also Chapter 61). 
However, simultaneous deliberate hypotension and 
hemodilution to a hematocrit of less than 25% should 
be done with caution. Whereas contemporary practice is 
to conserve blood by initially replacing lost blood with 
fluids, the effect of such hemodilution will often be a 
large fluid resuscitation, in some instances further ampli-
fying an already high intravascular volume resuscitation, 
particularly in repeat operations for spine fusion, which 
typically involves large fluid and blood requirements. A 
relatively “dry” fluid strategy has been tested in abdomi-
nal surgery, but its use is controversial and has risks and 
outcomes have not been widely tested in any other sur-
gery.139 Either earlier blood replacement or greater use of 
colloids may potentially decrease the volume of infused 
crystalloids, although the impact of this practice on the 
occurrence of visual loss is not known. Here the results of 
the POVL Study Group provide some guidance; it seems 
advisable to use some colloid during large fluid resusci-
tation when patients are positioned prone for surgery. 
Withholding fluids is inadvisable because of many other 
risks, including multiple organ failure.138

Increasingly, neurosurgeons have been using mini-
mally invasive surgical techniques toward lumbar spine 
surgery and fusion. These methods reduce the amount of 
blood loss and fluid requirements, but cases of ION have 
arisen under these circumstances as well.140 Another strat-
egy not under the direct control of the anesthesia provider 
is to consider staging of complex spine procedures. How-
ever, in some instances the anesthesiologist may be able 
to persuade a surgeon to follow a less ambitious surgical 
plan. This decision requires an assessment of the associ-
ated risks for multiple surgeries (infection, spinal instabil-
ity) but may significantly shorten the duration of each 
procedure. Another strategy is to advocate for patients by 
regular preoperative conferencing with surgeons. Antici-
pating high blood loss and other risks may enhance peri-
operative planning and care in spine surgery patients (R. 
Caplan, Seattle, Wash, personal communication).
In the seventh edition of Miller’s Anesthesia, Box 90-1 
summarized the conclusions of a 2006 ASA Task Force 
regarding perioperative blindness associated with spine 
surgery. In 2012, another ASA Task Force published an 
update regarding perioperative visual loss primarily associ-
ated with spine surgery (Box 100-1). While major changes 
were not made, analysis of the literature was updated and 
the recommendations were more detailed. For example, 
the 2006 Summary had 7 bullet points. In contrast, the 
2012 Summary of Advisory Statements has 22 bullet points 
subdivided into Preoperative, Intraoperative, Staging of 
Surgical Procedures, and Postoperative Management.

The 2006 Task Force concluded that high-risk patients 
who have surgery that is prolonged in duration and/or 
have large blood loss have an increased risk of periop-
erative visual loss. Yet perioperative visual loss was not 
related to blood loss per se, hemoglobin levels, or the use 
of crystalloids. Positioning of the head level or above the 
body was a risk factor.

The 2012 Task Force reviewed the additional literature. 
They concluded that newer findings and the literature do 
not justify major changes in the 2006 recommendations. 
However, more details were provided in the 2012 advisory 
statements. Box 100-1 lists the 2012 Task Force Summary 
of Advisory Statements (Appendix 1).

Whether patients should be warned about the pos-
sibility of ION during the process of informed consent, 
especially those undergoing apparently higher risk opera-
tions such as CABG and complex instrumented spinal 
fusion surgery, is controversial. The Task Force recom-
mended considering informing high-risk patients, that 
is, those undergoing prolonged spine fusion surgery with 
large anticipated blood loss, about this risk.141 This is dif-
ficult to accomplish in the often few rushed minutes of a 
preanesthetic interview on the day of surgery, typical of 
modern anesthetic practice in the United States. Accord-
ingly, anesthesiologists may wish to consider requesting 
that the surgeon discuss the possible complication at an 
earlier, more relaxed preoperative visit.

CORTICAL BLINDNESS

Complete cortical blindness is bilateral visual loss with 
an absence of optokinetic nystagmus and of the lid reflex 
response to threat. The pupillary response, eye motility, 
retina, and optic nerve are normal. Complete blindness 
implies damage to both the left and right occipital cortex, 
whereas a more localized injury produces homonymous 
hemianopia.

Total blindness from bilateral occipital infarction 
is rare. Because the visual pathway travels through the 
parietotemporal lobes, a perioperative cerebrovascular 
accident affecting the internal carotid, or middle, basilar, 
or posterior cerebral arteries is the more common cause 
of cortical blindness. Yet because of collateral circula-
tion, the degree of visual damage is difficult to predict.142 
Approximately 80% of cases of cortical blindness postop-
eratively have followed cardiac or other thoracic surgery. 
Depending on the sensitivity of the neuropsychological 
testing, these patients frequently show evidence of post-
operative neurologic sequelae.143
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I. PreoPeratIve ConsIderatIons

 •  At this time there were no identifiable preoperative patient 
characteristics that predispose patients to perioperative posterior 
ischemic optic neuropathy (ION).

 •  There is no evidence that an ophthalmic or neuro-ophthalmic 
evaluation would be useful in identifying patients at risk for peri-
operative visual loss.

 •  The risk of perioperative ION may be increased in patients who 
undergo prolonged procedures, have substantial blood loss, or 
both.

 •  Prolonged procedures, substantial blood loss, or both are associ-
ated with a small, unpredictable risk of perioperative visual loss.

 •  Because the frequency of visual loss after spine surgery of short 
duration is infrequent, the decision to inform patients who are 
not anticipated to be “high risk” for visual loss should be deter-
mined on a case-by-case basis.

II. IntraoPeratIve ManageMent

Blood Pressure Management
 •  Arterial blood pressure should be monitored continually in high-

risk patients.
 •  The use of deliberate hypotensive techniques during spine 

surgery can be associated with the development of perioperative 
visual loss. Therefore the use of deliberate hypotension for these 
patients should be determined on a case-by-case basis.

 •  Central venous pressure monitoring should be considered in 
high-risk patients. Colloids should be used along with crystalloids 
to maintain intravascular volume in patients who have substan-
tial blood loss.

Management of Anemia
 •  Hemoglobin or hematocrit values should be monitored peri-

odically during surgery in high-risk patients who experience 

substantial blood loss. A transfusion threshold that would elimi-
nate the risk of perioperative visual loss related to anemia cannot 
be established at this time.

Use of Vasopressors
 •  There is insufficient evidence to provide guidance for the use of 
α-adrenergic agonists in high-risk patients during spine surgery.

Patient Positioning
 •  The Task Force believes that there is no pathophysiologic mecha-

nism by which facial edema can cause perioperative ION. There 
is no evidence that ocular compression causes isolated periop-
erative anterior ION or posterior ION. However, direct pressure 
on the eye should be avoided to prevent central retinal artery 
occlusion (CRAO).

 •  The high-risk patient should be positioned so that the head is 
level with or higher than the heart when possible.

III. stagIng of surgICal ProCedures

 •  Although the use of staged spine surgery procedures in high-
risk patients may entail additional costs and patient risks (e.g., 
infection, thromboembolism, or neurologic injury), it also may 
decrease these risks and the risk of perioperative visual loss in 
some patients.

Iv. PostoPeratIve ManageMent

 •  The consensus of the Task Force is that a high-risk patient’s vision 
should be assessed when the patient becomes alert.

 •  If there is concern regarding potential visual loss, an urgent 
ophthalmologic consultation should be obtained to determine its 
cause.

 •  There is no role for antiplatelet drugs, steroids, or intraocular 
pressure-decreasing drugs in the treatment of perioperative ION.

BOX 100-1 American Society of Anesthesiologists 2012 Task Force Summary of Advisory Statements

From Practice advisory for perioperative visual loss associated with spine surgery: an updated report by the American Society of Anesthesiologists Task Force on 
Perioperative Visual Loss <https://www.asahq.org/For-Members/Practice-Management/Practice-Parameters.aspx>. (Accessed 09.09.14)
Initially, total cortical blindness is usually accompa-
nied by signs of stroke in the parietooccipital region. The 
patient may experience agnosia, an inability to interpret 
sensory stimuli. Often, vision improves over time, with 
incomplete lesions in the visual field combined with visual 
disorientation. Pupillary reflexes are preserved and most 
of the visual field is restored within days, but impairment 
in spatial perception and in the relationship between 
sizes and distances may remain. Visual attention may be 
restricted, and images formed on all parts of the retina 
may not be visualized at one time.

The incidence of cortical blindness was 10 in 808 
CABG surgeries in one hospital, with brain scans in 5 
patients showing occipital infarcts.144 In a retrospective 
series of 700 CABG surgeries and valve replacements by 
a single surgeon, 2 patients had unilateral occipital corti-
cal infarcts.145 Shaw and colleagues146 prospectively stud-
ied 312 patients who had undergone CABG and found 
a 5% incidence of cortical blindness.146 At least 50% of 
the patients had associated neurologic deficits. In another 
study, the onset of visual deficits followed a time course 
similar to that of neurologic damage.147 Among the larg-
est studies of neurologic dysfunction after cardiac surgery 
is that of Roach and co-workers.148 In a prospective study 
of 2108 patients who had CABG at one of 24 hospitals, 
the incidence of neurologic complications was 6%. The 
specific incidence of eye complications was not reported. 
Results of subsequent studies are similar and have been 
reviewed by Newman and associates.149 Associated fac-
tors included age, unstable angina, diabetes, prior stroke 
or transient ischemic attack, previous CABG surgery, and 
history of vascular or pulmonary disease. The incidence of 
visual disorders was not reported in any of these studies.

In case reports of cortical blindness, 55% of cases were 
reported after CABG surgery and 23% after other thora-
covascular operations.150 Cases have been reported in 
children. Hypotension was found in 45% and anemia or 
hemodilution in 23%. Over half the patients had coronary 
artery disease, but cortical blindness was found in patients 
with a wide range of systemic disorders, including con-
genital heart disease, liver failure, postpartum pulmonary 
embolism, and hypercholesterolemia. Unfortunately, the 
time of onset of symptoms was not reported in approxi-
mately half the cases. For the remaining 50%, onset was 
within the first postoperative day. As would be expected, 
fundoscopy was normal in nearly all patients when 
reported, except one, in whom AION was combined with 
cortical blindness. Visual defects were bilateral in all but 
one, who had a lesion near the lateral geniculate nucleus. 
The incidence of other objective neurologic findings was 
38%. Confusion was present in 25% of patients. Visual 
outcome improved in 65% of cases.

http://www.asahq.org/For-Members/Practice-Management/Practice-Parameters.aspx
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MECHANISM AND PATHOPHYSIOLOGY

Cortical blindness can result from global ischemia, car-
diac arrest, hypoxemia, intracranial hypertension and 
exsanguinating hemorrhage, focal ischemia, vascular 
occlusion, thrombosis, intracranial hemorrhage, vaso-
spasm, and emboli. If blood and O2 deprivation persists 
long enough, the cellular energy supply ceases and a series 
of biochemical events are initiated that ultimately lead to 
cell death. The pathways responsible for neuronal injury 
in the cerebral cortex have been reviewed extensively.151

CABG is the most common operation associated with 
cortical blindness, but the pathophysiology of corti-
cal blindness after CABG surgery remains incompletely 
understood. The major source of brain and visual damage 
is believed to be embolism from the surgical field, such 
as fat and atheroma or microemboli of lipid and fibrin-
platelet aggregates.152 A high incidence of emboli in the 
retinal circulation of patients undergoing CABG has 
been documented.153 Patients with aortic atherosclerosis 
appear to be at particular risk.148 Cerebral edema also may 
be responsible for cortical blindness, but a study of MRI 
of the brain soon after CABG showed cortical swelling 
within 20 to 40 minutes that was not found on follow-up 
1 to 3 weeks later, thus questioning its pathogenic role.154 
Edema may somehow contribute to the vague visual dis-
turbances found in up to 25% of patients after CABG.155 
Another suspected factor is transient decreases in blood 
flow to border zones of perfusion between the middle and 
posterior cerebral arteries, especially in patients with pre-
existent cerebrovascular disease.156

PROGNOSIS, TREATMENT,  
AND PREVENTION

Visual recovery from cortical blindness may be pro-
longed, but previously healthy patients are likely to 
show a considerable degree of recovery. Therefore, when 
cortical blindness is accompanied by focal neurologic 
signs, treatment should be directed toward prevent-
ing progression of stroke. The optimal strategy to pre-
vent neurologic injury during cardiac surgery remains 
controversial. Several different techniques have been 
advocated to decrease intraoperative manipulation of 
the aorta and embolization.157 Adequate removal of 
air and particulate matter from the heart during valvu-
lar operations may decrease the risk for embolism. In 
patients younger than 70 years of age without evidence 
of cerebrovascular disease, an arterial line filter during 
CPB significantly reduced the number of microemboli 
detectable by transcranial Doppler ultrasonography. The 
frequency of subtle neuropsychological and neurologic 
changes (including nystagmus) was also reduced. No 
visual defects were found in the study patients.158 Main-
tenance of adequate systemic perfusion pressure may 
prevent episodes of hypoperfusion in patients with cere-
brovascular disease, but no controlled studies have asso-
ciated visual loss and perfusion pressure in open heart 
surgery. The development of better transcranial Doppler 
techniques may enhance detection of embolic events. 
As yet, no proved neuroprotective agents whose use is 
feasible in these patients are available. Nonbypass heart 
surgery would be expected to avoid, but not eliminate, 
many embolic complications.158

ACUTE GLAUCOMA

Acute angle-closure glaucoma is a well-known disease that 
has been described rarely after general anesthesia. It usu-
ally occurs spontaneously and is more common in women 
and the elderly. Genetic predisposition, a shallow anterior 
chamber, and increased thickness of the lens are frequently 
found. The peak age for acute glaucoma is between 55 and 
65 years.159 Three case series in surgical patients have been 
reported. Gartner and Billet160 described acute angle-clo-
sure glaucoma in 4 of 3437 patients (0.1%) undergoing 
general or spinal anesthesia.160 Subsequently, Wang and 
colleagues161 reported 5 cases in 25,000 surgical patients 
(0.02%). The highest incidence was found by Fazio and 
co-workers162 after reviewing the records of 913 patients 
who had general or spinal anesthesia. Nine cases were 
detected, two of which were bilateral (1%). In these stud-
ies, no association was made between acute glaucoma and 
an anesthetic technique or drug.

Acute angle closure results in glaucomatous damage 
to the optic nerve and occurs when the passage of aque-
ous humor from the posterior to the anterior chamber is 
obstructed by apposition of the iris to the anterior surface of 
the lens. The pupil is mid-dilated, with an associated pupil-
lary block. The diagnosis should be suspected in a patient 
with a painful red eye and cloudy or blurred vision, possi-
bly accompanied by headache, nausea, and vomiting. This 
condition is often bilateral. It is distinguished from corneal 
abrasion, which also produces pain but without the papil-
lary signs, increased IOP, subjective visual loss, and head-
ache.2 Symptoms may not appear for hours to days after a 
surgical procedure. Acute glaucoma is an emergency, and 
ophthalmologic consultation should be obtained imme-
diately. Patients are treated with β-adrenergic antagonists, 
α-adrenergic agonists, carbonic anhydrase inhibitors, cho-
linergic agonists, and corticosteroids. Systemic analgesic 
agents are given as needed. A peripheral iridectomy should 
be performed later to create a permanent opening between 
the anterior and posterior chambers.160

VISUAL CHANGES AFTER TRANSURETHRAL 
RESECTION OF THE PROSTATE

Visual changes after transurethral resection of the pros-
tate (TURP) have been recognized for over 50 years (see 
also Chapter 72).163 Changes appear alone or as part of 
a syndrome after excessive absorption of irrigating fluid 
(usually 1.5% glycine) with subsequent hyponatremia, 
cerebral edema, seizures, coma, and cardiac failure from 
excessive intravascular fluid administration.164 Although 
use of TURP is declining because of economic and regula-
tory constraints and noninvasive alternatives,165 compli-
cations still occur. Absorption of the irrigant is the major 
source of nonsurgical complications. Determinants of 
the amount of irrigant absorbed include the duration of 
the resection, the extent of the opening of the prostatic 
venous sinuses, the hydrostatic pressure of the irrigation 



fluid, and venous pressure at the “irrigant-blood inter-
face.”166 Hamilton-Stewart and Barlow167 disputed the 
effect of operative time; they found that a longer resection 
time did not increase absorption. The veins and capsule of 
a smaller prostate may be exposed earlier in the resection, 
so greater absorption during a quick resection leads to 
the same amount of irrigant absorption as slower absorp-
tion during a long resection.167 Nonetheless, significant 
quantities of irrigant may be absorbed even if the surgeon 
believes that no venous sinuses are open, and the opera-
tor thus cannot predict or estimate the amount absorbed.

SIGNS AND SYMPTOMS

Visual deficits may occur during the resection, several 
hours after, or, rarely, on the second postoperative day 
as the patient awakens from a TURP-related coma.168 The 
range of signs and symptoms is wide, from complete loss 
of light perception to more subtle defects. The first com-
plaint may be visual halos and a blue visual hue. Dilated 
pupils that are nonreactive to light, a normal IOP, nor-
mal extraocular muscle movement, and normal fundus 
examination without papilledema are the objective find-
ings.169 Visual changes may resolve over a few hours or 
persist for up to 80 hours. Permanent visual loss has not 
been reported.

MECHANISMS OF VISUAL DYSFUNCTION

Proposed mechanisms of the visual changes include cere-
bral edema,170 glycine toxicity involving the retina and 
cerebral cortex,169 ammonia toxicity,171 and increased 
IOP.172 Glycine, the smallest amino acid, enters cells 
primarily through a carrier-mediated process, but its 
rate of transport is relatively slow. It easily crosses the 
blood-brain barrier, and it depresses the spontaneous 
and evoked activity of retinal neurons and hyperpolar-
izes cells through blockade of chloride channels.173 The 
highest glycine concentration is in the amacrine cells, 
inner plexiform, and ganglion cell layers of the retina.174 
Because of a profound effect on oscillatory potentials of 
the electroretinogram, the predominant site of action may 
be amacrine cells,175 although other inner retinal cells are 
probably involved. Glycine altered visual evoked poten-
tials in dogs and in humans, thus suggesting an effect on 
the optic nerve. The threshold for visual symptoms is a 
plasma glycine concentration over 4000 μmol/L.176

Hyponatremia and hypo-osmolality during TURP pro-
duce occipital cortical edema, but such an association has 
not been confirmed. Segmental vascular disease in the 
blood supply to the occipital cortex may have placed that 
portion of the brain at risk for swelling.164 Ocular hyper-
tension causes enlarged blind spots and paracentral sco-
toma. In the presence of water overload, it seemed logical 
that an increase in IOP is part of the TURP syndrome. 
Yet in a prospective study of 22 patients who had TURP, 
Peters and colleagues172 found no change in IOP in the 
patients with visual changes.172 Such changes after TURP 
are transient and often associated with TURP syndrome. 
The most important means of prevention is to maintain 
intense vigilance to avoid excessive absorption of irrigat-
ing solution.
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VISUAL LOSS AFTER VITRECTOMY AND 
VITREAL GAS BUBBLE TAMPONADE

Patients who have undergone vitrectomy with perfluoro-
carbon gas tamponade (C3Fl8) are at risk for gas bubble 
expansion and loss of vision from acutely increased IOP. 
Patients anesthetized for a subsequent surgical procedure 
with gas mixtures containing nitrous oxide (N2O) after 
vitrectomy sustained retinal vascular occlusion from 
acute gas bubble expansion. N2O anesthesia affects the 
size of the intraocular gas bubble. Wolf and co-workers177 
demonstrated that N2O and O2 resulted in a more than 
threefold increase in SFl6 gas bubble volume, in contrast 
to a 50% increase with air ventilation and 35% increase 
with O2 ventilation alone. Perfluorocarbon gas remains in 
the eye for at least 28 days. Visual loss has been reported 
with N2O anesthesia administered as long as 41 days 
after vitrectomy and gas bubble tamponade. Therefore, 
patients should wear a warning tag to alert the anesthesi-
ologist to the presence of the gas bubble in the vitreous, 
and N2O should not be used in patients who have had 
recent vitrectomy and gas bubble tamponade.178,179

CONCLUSION

Visual loss can result in the perioperative period from 
retinal arterial occlusion, ION, cortical blindness, or acute 
glaucoma. Visual loss after TURP is transient; visual loss 
in patients anesthetized with N2O after a vitrectomy and 
placement of a gas bubble tamponade may be permanent. 
The most serious injuries that are likely to result in blind-
ness are retinal arterial occlusion and ION. Even if unin-
tended pressure on the eye is avoided, these complications 
may still occur, particularly after spine, cardiac, or ortho-
pedic surgery (see also Chapters 68 and 79). The risk fac-
tors for ION in particular remain incompletely explained.
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K e y  P o i n t s

 •  With an anticipated shortage of critical care physicians, many different staffing 
models of intensive care units (ICUs) have been proposed, including the use of 
nonphysician providers, multidisciplinary care teams, and telemedicine.

 •  Evidence-based medicine now suggests that for the management of sepsis, large 
doses of corticosteroids are no longer recommended. Moderate glucose control 
may be safer than tight glucose control, and activated protein C does not reduce 
mortality from sepsis.

 •  Patients with acute lung injury or acute respiratory distress syndrome should 
be mechanically ventilated with tidal volumes of 6 mL/kg of ideal body weight 
and traditional positive end-expiratory pressure (PEEP) values of 5 to 12 cm 
water (H2O). Other maneuvers that increase the partial alveolar pressure of 
oxygen/fraction of inspired oxygen concentration (PaO2/FiO2) ratio, such 
as recruitment maneuvers and inhaled nitric oxide, have not been shown to 
reduce mortality.

 •  Without liver transplantation, mortality from acute liver failure is high and primarily 
the result of multisystem organ failure, sepsis, and cerebral edema.

 •  Reduced mortality among patients in the ICU with acute renal failure is associated 
with earlier institution of dialysis and higher filtration volumes as opposed to the 
type of dialysis (intermittent hemodialysis versus continuous renal replacement 
therapy).

 •  Early mobilization decreases hospital mortality, decreases lengths of ICU and 
hospital stay, increases ventilator-free days, and leads to a shorter duration of 
delirium.

 •  Proposals to prevent ventilator-associated pneumonia include maintenance of 
gastric pH with sucralfate, positioning the head of the bed at 30 degrees, and 
subglottic aspiration of secretions.

 •  A comprehensive approach to the insertion of central venous catheters, including 
ultrasound guidance, maximum sterile barrier precautions, and antibiotic-coated 
catheters, can reduce the rate of catheter-related bloodstream infections.
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The practice of critical care medicine, which originated in 
the 1940s with anesthesiologists providing life support to 
patients with poliomyelitis, has undergone revolutionary 
changes. The development of new equipment, procedures, 
and medications has enabled intensivists to treat critically 
ill patients and support them through increasingly inva-
sive procedures. In the past decade, another revolution has 
taken place, the introduction of evidence-based medicine 
into intensive care unit (ICU) practice. In this chapter, the 
models of ICU staffing, including studies examining the 
value of intensivist staffing are discussed. Then a review 
of how intensivist staffing might lead to improved out-
comes, specifically through the implementation of evi-
dence-based practices, is presented. Particular attention 
is paid to the implementation and cost- effectiveness of 
new clinical practices. Finally, the management of some 
common diagnoses that are encountered while caring for 
critically ill patients is reviewed.

INTENSIVE CARE UNIT ORGANIZATION

With an aging population and increasing availability of 
medical technology, ICUs have become a critical com-
ponent of modern hospital care. An estimated 0.5% to 
1% of the U.S. gross domestic product is spent on critical 
care,1 and patients 65 years of age and older make up over 
50% of all ICU admissions.2 Considering the magnitude 
of this expense, extensive research has focused on how 
the most cost-effective care can be delivered. Although 
ICUs started as open wards where any physician could 
admit patients, they have become increasingly managed. 



Most ICUs now have a designated medical director who 
is responsible for the overall management of patient care 
and policies.

ROLE OF THE MEDICAL DIRECTOR

Each ICU should have a physician who is board certi-
fied or board eligible in critical care medicine to function 
as medical director.3 The role of the medical director is 
to ensure the quality and safety of patient care in the 
ICU. Responsibilities often include patient triage deci-
sions, education of house staff members, development 
of clinical protocols, and improvement of performance. 
Anesthesiologists frequently serve as medical directors, 
primarily of surgical ICUs. As hospital-based physicians, 
anesthesiologists are particularly well placed to appreci-
ate the issues that affect patient care and the efficient flow 
of patients from surgical units through the ICUs. In 1994, 
the Society of Critical Care Medicine described the seven 
organizational duties of an ICU administrator4:

 1.  Triage of admissions and discharges
 2.  Development of treatment protocols or guidelines
 3.  Collection of data
 4.  Involvement in unit budget approval
 5.  Updating of equipment and unit practices
 6.  Promotion of efficient use of material and personnel 

resources
 7.  Responsibility for coordination and dissemination 

of continuing education of hospital- and ICU-based 
personnel

  

Because of the increasing importance of the medical 
director and the time commitment required, the hospi-
tal should provide salary support to allow an adequate 
investment of time in the position.

STAFFING

In 2003, Congress asked the Health Resources and Ser-
vices Administration (HRSA) to examine the adequacy 
of the critical care workforce. HRSA maintains physician 
workforce supply and demand models that can assess the 
adequacy of supply for many physician specialties. Work-
ing with the American College of Chest Physicians and 
other consultants, the HRSA concluded that if current 
trends continue, then the growing supply of intensivists 
will be insufficient to provide the optimal level of care to 
future populations through 2020.5 These projections are 
based on conservative estimates that intensivists will con-
tinue to direct the care of only one third of critically ill 
patients. If mandates by the Leapfrog Group are enacted 
and the proportion of patients in the ICU whose care is 
directed by an intensivist were to increase to two thirds, 
then the large potential growth in utilization of inten-
sivist services represents a shortage of 1500 critical care 
providers.6

Anesthesiologists in Critical Care Medicine
Although anesthesiologists originated critical care medi-
cine, they represent a shrinking percentage of critical 
care physicians. In a survey performed between 1996 and 
1999, the Committee on Manpower for the Pulmonary 
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and Critical Care Societies (COMPACCS) found that anes-
thesiologists accounted for only 6.1% of all intensivists 
in the workforce,6 although they are particularly well 
trained to manage critically ill patients and do so on a 
regular basis in the surgical department. This trend comes 
at a time when the need for intensivists is increasing. The 
most recent data available show that there were 49 Anes-
thesiology Critical Care Medicine fellowship programs 
with 83 fellows in training for the 2010-2011 academic 
year,7 compared with 417 fellows in 122 Pulmonary Dis-
ease and Critical Care Medicine programs.

The reason for the decreasing representation of anesthe-
siologists in critical care is multifactorial. Reimbursement 
for critical care services is generally less than that for surgi-
cal anesthesia services. Subspecialty training in critical care 
medicine for anesthesiologists creates a unique situation 
in which additional subspecialty training results in lower 
compensation. In Europe, where such a payment discrep-
ancy between the surgical unit and the ICU does not exist, 
anesthesiologists provide the majority of critical care ser-
vices.8 In Australia and New Zealand, critical care training 
has become a separate specialty with its own residency. 
The College of Intensive Care Medicine took over in 2010 
with the goal of developing a single training program for 
the specialty and to supervise all intensive care trainees.9

The American Board of Anesthesiology and American 
Society of Anesthesiologists have begun to address the 
diminishing role of anesthesiologists in critical care medi-
cine. Proposed changes include an increasing component 
of training in critical care medicine during anesthesia res-
idency. Programs for “experimental residencies” are also 
available that concurrently offer training for anesthesia 
and critical care in a blended residency and fellowship.

Physicians
For general and subspecialty patient populations, most 
studies suggest that an intensivist should provide care to 
critically ill patients. For example, Pronovost and associ-
ates10 studied whether the organizational characteristics 
of ICUs could influence outcomes in patients undergoing 
surgery for an abdominal aortic aneurysm. They analyzed 
almost 3000 patients who underwent aneurysm repair 
in the state of Maryland and found that in risk-adjusted 
patients, not having daily ICU rounds by an intensivist 
was associated with a threefold increase in mortality. In 
addition to increased mortality, the patients not seen 
by an intensivist also had an increased risk for cardiac 
arrest, renal failure, septicemia, platelet transfusion, and 
reintubation.

In a large meta-analysis examining physician staff-
ing and outcomes of critically ill patients, Pronovost and 
colleagues8 compared low-intensity ICU staffing consist-
ing of no or elective intensivist consultation with high- 
intensity staffing consisting of mandatory intensivist 
consultation or a closed ICU. This study found that the 
relative risk for hospital mortality was reduced by 29% 
and the relative risk for ICU mortality was reduced by 
39% with high-intensity staffing. This and other studies 
have led to significant consumer and regulatory pressure 
mandating that intensivists staff all ICUs.

The Leapfrog Group (www.leapfroggroup.org) was 
established by the Business Roundtable, which consists of 

http://www.leapfroggroup.org
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the chief executive officers of several large corporations. 
These corporations purchase health insurance for more 
than 34 million health care consumers and therefore have 
considerable influence on health policy. One of the first 
recommendations by this group was that trained inten-
sivists should staff ICUs. Although this recommendation 
has a strong evidence base, the other Leapfrog recom-
mendations are not as strongly supported.11 In addition 
to the factors discussed earlier, these pressures will create 
a significant demand for trained intensivists.

Considerable debate has occurred regarding whether 
intensivists should be continually present in ICUs even 
overnight. Prior studies have primarily evaluated aca-
demic ICUs with house staff, whereas many ICUs are in 
community hospitals and lack any overnight physician 
presence.2 Introduction of an additional night shift to 
provide mandatory as opposed to on-demand 24-hour 
critical care specialist coverage has not been shown to 
affect long-term survival of patients in medical ICUs.12 
Wallace and associates studied a retrospective multi-
center cohort of over 65,000 patients. They linked a sur-
vey of ICU staffing practices with patient outcomes and 
then used multivariate models to assess for relationships 
between nighttime intensivist staffing and in-hospital 
mortality among patients in the ICU.13 They found that 
nighttime intensivist staffing improved mortality when 
added to low-intensity daytime staffing, but nighttime 
intensivists did not reduce mortality in ICUs with high-
intensity daytime staffing. Kerlin and associates obtained 
similar results.14 They conducted a randomized trial of 
nighttime intensivists staffing at an academic medi-
cal ICU with high-intensity daytime staffing and night-
time resident coverage and reported no improvement in 
patient outcomes. These results suggest that increasing 
ICU coverage to 24 hours a day, 7 days a week may not 
be the most reasonable nor economical decision for all 
hospitals.

Advanced Health Care Practitioners
The use of nonphysician providers, such as nurse prac-
titioners (NPs) and physician assistants (PAs), under 
the supervision of attending physicians to augment or 
replace intensivists has become very popular, especially 
with the institution of resident duty hour limitations. 
These staffing models appear to be a safe and effective 
alternative to the traditional house staff-based team in 
a high-acuity, adult ICU.15 Nonphysician providers are 
also a more consistent presence than house staff mem-
bers who rotate through the unit for short blocks of time. 
This consistency can allow for improved communication 
and culture as team members become familiar with one 
another.16 Currently, survey data suggest that PAs provide 
care in approximately 25% of adult ICUs in academic U.S. 
hospitals, and NPs provide care in more than 50%.17

Multidisciplinary Care Teams
One approach to lowering ICU mortality and improving 
quality is to optimize the organization of ICU services. 
The multidisciplinary model approach is to complement 
intensivist staffing with nurses, respiratory therapists, 
clinical pharmacists, and other staff members who can 
provide critical care as a team. The Society of Critical Care 
Medicine and the American Association of Critical Care 
Nurses have endorsed this approach.18,19 In a retrospec-
tive cohort study, Kim and associates showed that when 
stratifying by intensivist physician staffing, the lowest 
odds of death were in ICUs with high-intensity physi-
cian staffing and multidisciplinary care teams (odds ratio 
[OR] 0.78; 95% confidence interval [CI] 0.68 to 0.89, P 
< 0.001), followed by ICUs with low-intensity physician 
staffing and multidisciplinary care teams (OR 0.88; 95% 
CI 0.79 to 0.97, P = 0.01), compared with low-intensity 
physician staffing.20

NursiNg. The exact number of nurses needed to produce 
the best patient outcomes is not known. Although most 
studies show a trend toward lower nurse staffing and 
adverse ICU patient outcomes (i.e., mortality, infection, 
pressure ulcers), the studies have mostly been observa-
tional in design and therefore unable to demonstrate 
a causal relationship of nurse staffing on patient out-
comes.21,22 Many factors may affect patient outcomes, 
and nurse staffing is only one potential contributor.23 
Some hospitals prefer flexible scheduling, meaning ICU 
nurses are scheduled on the basis of anticipated workload 
in the unit at the start of the shift. This structure is finan-
cially good for the hospital by matching staff to workload 
demands, but it may provide uncertainty for the nursing 
staff.

Pharmacists. Pharmacists have become integral members 
of the ICU team as a result of contributions to medica-
tion safety, improved patient outcomes, reduced drug 
costs, and house staff education.24 In a survey conducted 
among 1034 ICUs in the United States, clinical pharma-
cists provided care and attended rounds in 62% of the 
units.25 Their presence has been shown to reduce mortal-
ity in patients with thromboembolic or infarction-related 
events26 and in patients with nosocomial-acquired infec-
tions, community-acquired infections, and sepsis.27 
Their most important benefit is the potential to decrease 
adverse drug events. Leape and associates showed that 
the presence of a pharmacist on rounds was associated 
with a decrease in the rate of adverse drug events (ADE) 
from 10.4 per 1000 patient days (95% CI 7 to 14) to 3.5 
per 1000 patient days (95% CI 1 to 5, P < 0.001).28

resPiratory theraPists. Respiratory therapists often 
assume important clinical roles with respect to ventila-
tor management. Their involvement improves compli-
ance with weaning protocols and decreases the duration 
of mechanical ventilation.29,30 Other hospitals are using 
their care in innovative ways. Arroliga and colleagues 
found that the introduction of an intervention that 
included respiratory therapists performing oral care for 
patients who were mechanically ventilated reduced the 
rate of ventilator-associated pneumonia (VAP) from 4.3 
per 1000 ventilator days to 1.2 per 1000 ventilator days.31

Telemedicine
Despite evidence supporting intensivist staffing of ICUs, 
the numbers of intensivists from all areas of training are 
inadequate to meet this mandate. Ewart and colleagues 
estimated that less than 15% of ICUs continue to have 



dedicated intensivist coverage.32 Recognition of this 
shortage has led to innovations such as the eICU, for 
which a small number of intensivists can monitor and 
consult on a large number of ICU beds from remote loca-
tions. Indeed, telemedicine is stated to meet the require-
ments of the Leapfrog Group, and it is an attractive 
alternative. Consolidating expensive and scarce resources 
could optimize critical care, especially to rural or com-
munity ICUs, by concentrating staff expertise. As of 2008, 
remote intensivists monitored almost 5000 eICU beds.33

The first hospital to adopt telemedicine occurred in 
2000. In 2004, this facility published its results, showing 
a 25% reduction in ICU mortality (from 8.6% to 6.3%) 
and a 14% reduction in ICU length of stay (LOS) (from 
5.6 to 4.8 days).34 Most recently, in a system in which 
only residents were on call, Lilly and colleagues showed 
that implementation of a tele-ICU system decreased hos-
pital mortality rate from 13.6% to 11.8% and decreased 
hospital LOS from 13.3 to 9.8 days.35 They also found 
that this model resulted in improved adherence to criti-
cal care best practices. Conflicting results, no reduction in 
mortality, hospital LOS, or cost, were reported in another 
study of 4000 patients across two community hospitals, 
but this study was limited by a large number of clinicians 
who only allowed restricted participation of the tele-ICU 
model.36 The physicians in the Lilly study seemed to 
work more proactively and were involved in the care of a 
greater proportion of the patients.

Overall, the available data suggest that eICUs can have 
the most impact and improve outcomes in ICUs that ini-
tially begin with a deficit in intensivist coverage or have 
a need to supplement current coverage levels, have high 
severity-adjusted mortality and LOS rates, are remotely 
located where the safe transfer of high-acuity patients may 
not be possible, and are part of an organizational structure 
that supports the presence of tele-ICU intensivists.37 The 
role of eICUs in the delivery of critical care services con-
tinues to evolve. In systems with institutional buy-in, the 
eICU can be one way to help bridge the supply-demand 
gap of critical care physicians, but it remains unclear 
whether or how remote monitoring will be reimbursed.

QUALITY MEASUREMENT 
IN CRITICAL CARE

QUALITY OF EVIDENCE

To determine the value of a clinical intervention, evalu-
ating the quality of the study on which it is based is 
important. A number of groups have developed criteria 
with which evidence can be graded. The Oxford Centre 
for Evidence-Based Medicine has strict criteria for grad-
ing the level of evidence. These criteria are described in  
Table 101-1. After the evidence level has been determined, 
specific practices can be graded by using the described 
criteria (see Table 101-1). Only through rigorous clinical 
experimentation can a determination be made as to which 
practices will improve the outcomes of critically ill patients. 
Equally important is an analysis of the cost-effectiveness 
of these interventions. Implementation may require fiscal 
and personnel expenditure, and it is the role of the medical 
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director to convince hospital administrators of the cost-
effectiveness of new interventions. Figure 101-1 describes 
the cost-effectiveness relationship for a theoretic treatment.

Care of critically ill patients has been revolutionized 
by technology and drug development, but an equally 
important contribution has come with the application 
of evidence-based medicine to critical care practice. 
Although critical care initially focused on attempting to 
restore homeostasis, recognition that normal physiologic 
functioning is not always the most desirable therapeutic 
target is increasing. An important example of this prin-
ciple is found in the management of patients with acute 
respiratory distress syndrome (ARDS). When patients 
with ARDS are mechanically ventilated with larger tidal 
volumes (12 mL/kg ideal body weight), they improve 
their oxygenation ratio.38 However, these patients have 
significantly higher mortality rates than those who are 
mechanically ventilated with smaller tidal volumes  
(6 mL/kg ideal body weight). This example and others 
illustrate the need for randomized, prospective trials of 
new and existing therapies.

IMPLEMENTATION OF EVIDENCE-BASED 
PRACTICE

Application of evidence-based practice resulting in pro-
tocols to standardize patient care has been shown to 
improve the efficiency of care and reduce resource use.39 
Hospitals must customize the protocols to fit their prac-
tices, but protocols should not be used in place of good 
clinical judgment. They should be used as a complemen-
tary tool, and physicians should be able to justify depar-
tures from the protocol. These departures should be used 
to further refine the protocol to ensure that it is not viewed 
as a static entity but rather as an evolving guideline.  
For protocols to be effective, the hospital must be will-
ing to invest the resources necessary for implementation.  

TABLE 101-1 LEVELS OF EVIDENCE 

Level Description

1a Systematic review of randomized, controlled trials  
(with homogeneity)

1b Individual randomized, controlled trial with a narrow 
confidence interval

1c All-or-none trial*
2a Systematic review of cohort studies (with homogeneity)
2b Individual cohort study (including low-quality 

randomized, controlled trials)
2c Outcomes research
3a Systematic review (with homogeneity) of case-control 

studies
3b Individual case-control study
4 Case series (and poor-quality cohort and case-control 

studies)
5 Expert opinion without explicit critical appraisal or based 

on physiology, bench research, or “first principles”

Modified from data provided by the Centre for Evidence-Based Medicine, 
Oxford, UK. Available at <http://www.cebm.net/index.aspx?o=1025.> 
(Accessed 15.07.12.)

*Met when all patients died before the treatment became available but 
some now survive on it, or when some patients died before the treat-
ment became available but none now die on it.

http://www.cebm.net/index.aspx?o=1025
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Key personnel such as physicians, respiratory therapists, 
and nursing staff should be enlisted so that the entire 
patient care team helps define the standards on which 
the protocol is based.

Perhaps the most difficult task in the application of 
evidence-based practice is determining whether a given 
patient with a particular clinical scenario will benefit from 
that practice. Are there pathophysiologic differences in a 
particular patient’s illness that may lead to a diminished 
treatment response? Are there important differences in 
systems or provider compliance that may diminish the 
safety or efficacy of the treatment? Does a patient have 
comorbid conditions that would lead to exclusion from a 
clinical trial? Despite these limitations, when applied to 
large populations of patients, practice protocols usually 
decrease mortality and reduce costs.

MANAGEMENT OF CRITICALLY 
ILL PATIENTS

The following sections examine the care of patients with 
some common diagnoses in critical care: sepsis, ARDS, 
hepatic failure, and renal failure. Many management 
plans have data supporting the use of protocol-based 
therapy. Others are introductory management ideas that 
may lead to integration into future protocols but are dis-
cussed here because of their importance in critical care.

SEPSIS AND MULTISYSTEM ORGAN 
FAILURE

Sepsis is the leading cause of death in critically ill patients 
in the United States and develops in 750,000 people 
annually.1 The economic costs of sepsis are large, with 
annual expenditures totaling nearly $17 billion.1 The 
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Figure 101-1. Graphic display of the cost-effectiveness of a theo-
retic treatment that adds additional cost but is effective in extending 
quality-adjusted life. A quality-adjusted life-year (QALY) is a year of life 
gained for which the quality of life is judged to be acceptable. The 
lines represent cost per QALY. Cost per QALY depends on the patient 
population that receives the intervention. For example, patients with a 
low severity of illness receiving activated protein C have a much higher 
cost per QALY than do those with a higher severity of illness.
high mortality rate and economic costs have led to con-
siderable interest in the development of effective thera-
pies for sepsis. As with other areas of medicine, adoption 
plus integration of new treatment strategies into routine 
clinical practice has been slow. After many years of unsuc-
cessful clinical trials, randomized controlled trials have 
begun to show efficacy. The following therapies—cortisol 
replacement, glucose control, and activated protein C—
have been intensively studied.

Cortisol Replacement
With the recognition that severe sepsis represents a 
state of overwhelming inflammation, corticosteroids 
were among the first therapies tested in randomized tri-
als of patients with sepsis. At large doses and with short 
courses, the studies showed a negative effect.40,41 Annane 
and associates proposed a different hypothesis in 2002.42 
Prompted by studies showing significantly improved 
time to withdrawal of vasopressor therapy in patients 
with sepsis who received small doses of hydrocortisone 
over a longer period (>5 days),43,44 they administered low-
dose steroids for 7 days. Their results showed that among 
patients who did not appropriately respond to the corti-
cotropin test, 63% in the placebo group versus 53% in the 
corticosteroid group died (P = 0.02). Vasopressor therapy 
was withdrawn in 40% of patients in the placebo group, 
as opposed to 57% in the corticosteroid group (P = 0.001).

Despite this initial positive data, the administration of 
steroids to patients with sepsis remained controversial. A 
large randomized trial recapitulating the study of Annane 
and coworkers has been completed and documents the 
lack of efficacy of even low-dose steroids and the associa-
tion of increased infections with steroid administration. 
The Corticosteroid Therapy of Septic Shock (CORTICUS) 
study was carried out to assess whether low-dose corti-
costeroids improve survival in patients with septic shock 
and sepsis.45 A total of 499 patients were enrolled over 
a period of 3 years from 52 European ICUs. Patients 
received a tapering steroid regimen over an 11-day period 
but no mineralocorticoids. The results refuted Annane’s 
initial study. The 28-day mortality rate in patients receiv-
ing low-dose steroids was not significantly improved from 
that in the placebo group (34% versus 31%, P = 0.57). In 
summary, although low-dose steroids with mineralocor-
ticoids initially appeared to be beneficial, the results have 
not been reproducible in a large multicentered random-
ized study. Large doses of corticosteroids should not be 
used in patients with severe sepsis.

One issue raised by these investigations was the role of 
etomidate in causing adrenal suppression. Patients who 
received etomidate to facilitate endotracheal intubation 
had worse outcomes, thus leading to suggestions that 
etomidate not be used. Chan and associates conducted 
a meta-analysis with five studies assessing mortality and 
seven studies assessing adrenal insufficiency associated 
with etomidate use in patients with severe sepsis and septic 
shock.46 They found an increased pooled relative risk for 
mortality of 1.20 (95% CI 1.02 to 1.42) and an increased 
pooled relative risk (RR) for adrenal insufficiency of 1.33 
(95% CI 1.22 to 1.46). Although the data are not conclu-
sive, the literature suggests that perhaps etomidate should 
not be the first choice for use in patients with sepsis.



Glycemic Control in the Critically Ill
Critically ill patients admitted to the ICU with severe injury 
or infection, such as burns, trauma, or sepsis, commonly 
enter into a hypermetabolic state (see also Chapter 39). 
This state is associated with enhanced peripheral glucose 
uptake and use,47 hyperlactatemia,48 increased glucose 
production,49 depressed glycogenesis,50 and insulin resis-
tance.49 Glucose intolerance develops after uptake of 
glucose in skeletal muscle, adipose tissue, and liver, and 
the heart becomes saturated,51 and hyperglycemia occurs 
because of defective suppression of gluconeogenesis and 
a resistance to the peripheral action of insulin. These 
mechanisms all work to generate a hyperglycemic state to 
satisfy an obligatory requirement for glucose as an energy 
substrate. The intensity of the metabolic response peaks 
several days after the initial insult and then diminishes as 
the patient recovers.48 However, a prolonged hyperglyce-
mic response may occur in patients who continue to have 
tissue hypoperfusion or persistent infection, which then 
predisposes them to progressive metabolic derangements 
and multisystem organ failure.

Traditionally, hyperglycemia, secondary to sepsis, was 
viewed as a beneficial response because it promoted cel-
lular glucose uptake when cells were energy deprived. 
A glucose concentration of 160 to 200 mg/dL was com-
monly recommended and believed to maximize cellular 
glucose uptake without causing hyperosmolarity.52 How-
ever, neutrophil function is impaired in patients with 
hyperglycemia because of decreased bacterial phagocy-
tosis,53 and many studies report the negative effects of 
high blood sugar. Hyperglycemia in diabetic patients is 
associated with an increased rate of postoperative infec-
tions,54 and decreased long-term outcomes after myocar-
dial infarction.55 Hyperglycemia is also associated with 
a poorer prognosis after stroke or head injury56 (see also 
Chapter 70).

Van den Berghe and coworkers57 hypothesized that 
even mild hyperglycemia (i.e., blood glucose levels 
between 110 and 200 mg/dL) could be harmful by pre-
disposing critically ill patients to increased morbidity 
and mortality. They performed a prospective, controlled 
study involving 1548 patients in the surgical ICU who 
were randomized to receive intensive insulin therapy (i.e., 
blood glucose maintained between 80 and 110 mg/dL) or 
conventional treatment (i.e., blood glucose maintained 
between 180 and 200 mg/dL). In patients who remained 
in the ICU for longer than 5 days, intensive insulin ther-
apy reduced the mortality rate from 20.2% with conven-
tional therapy to 10% with intensive therapy (P = 0.005). 
The group receiving intensive insulin therapy also had a 
lower incidence of bloodstream infections (4.2% versus 
7.8%, P = 0.003), renal failure requiring dialysis (4.8% ver-
sus 8.2%, P = 0.007) and critical illness polyneuropathy 
(28.7% versus 51.9%, P = 0.001). Patients in the intensive 
insulin group were also less likely to require prolonged 
mechanical ventilation and intensive care. The results of 
this trial made a persuasive argument for tighter glucose 
control, at least in patients in the surgical ICU.

Opponents of the use of strict glycemic control in crit-
ically ill patients argued that the risks of hypoglycemia 
should be seriously considered and that the therapeutic 
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effect of insulin rather than glycemic control leads to the 
beneficial outcomes. Insulin has multiple effects, includ-
ing the inhibition of tumor necrosis factor alpha (TNF-
α),58 which triggers procoagulant activity and fibrin 
deposition and inhibits macrophage inhibitory factor, 
thereby contributing to endotoxemia and toxic shock.59 
To determine whether it was insulin effect or glycemic 
control, van den Berghe and colleagues60 used multivari-
ate analysis to reanalyze their previous data. It appeared 
that decreasing blood glucose levels rather than the 
actual amount of insulin given was more closely corre-
lated with the beneficial reductions in mortality, poly-
neuropathy, and bloodstream infections. Instead of the 
glucose level, the dose of insulin correlates with the 
incidence of renal failure. Investigators thought that 
this difference might be the result of the direct effect 
of insulin on the kidney or the need for less exogenous 
insulin in patients with renal failure because insulin is 
cleared through the kidney. Finney and associates61 in 
a prospective, observational study provided additional 
evidence that glycemic control, rather than insulin 
administration, provided the benefit. They examined the 
effects of glucose control in 523 patients admitted to a 
single surgical ICU. In this trial the primary determinant 
of a bad outcome was hyperglycemia rather than hypo-
insulinemia, and a lower mortality rate was associated 
with glycemic control rather than a protective effect of 
insulin administration. Increased insulin dosing resulted 
in an increased mortality rate across all ranges of gly-
cemia. With regression analysis, their data also suggest 
that keeping blood glucose below 145 mg/dL may pro-
vide a survival benefit similar to that achieved with the 
tighter range of 80 to 110 mg/dL.

A major criticism of the original van den Berghe study 
was that it was performed on relatively homogeneous 
surgical populations. The same group then published a 
follow-up study examining tight glucose control in 1200 
patients in medical ICUs.62 The results showed reduced 
morbidity defined as a reduction in newly acquired renal 
injury, earlier weaning from mechanical ventilation, and 
earlier discharge from the ICU and the hospital but no dif-
ference in mortality. With subgroup analysis, they were 
able to determine a mortality benefit from tight glucose 
control if the patient was admitted to the ICU for 3 days 
or longer (43% versus 52.5%, P = 0.009). From the study 
design, it is unclear whether intensive insulin therapy for 
less than 3 days causes harm or perhaps the benefit from 
intensive insulin therapy requires time to be realized.

Since then, several multicentered randomized controlled 
studies have examined the risk-benefit ratio of tight glucose 
control.63-65 Two studies (Volume Substitution and Insu-
lin Therapy in Severe Sepsis [VISEP] and Glucontrol) were 
stopped early because of a high rate of hypoglycemia (17% 
versus 4.1%, P < 0.001, and 8.7% versus 2.7%, P < 0.001, 
respectively). The Normoglycemia in Intensive Care Evalu-
ation and Surviving Using Glucose Algorithm Regulation 
(NICE-SUGAR) trial, the most recent and largest of the stud-
ies, involved 42 ICUs and enrolled 6000 patients. The inves-
tigators reported no difference between the two groups in 
terms of days in the ICU, days on mechanical ventilation, 
and days requiring renal replacement therapy. Disturb-
ingly, they found an increased incidence of hypoglycemia  
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in the tight glucose control arm (6.8% versus 0.5%,  
P < 0.001) and a higher 28-day mortality (22.3% versus 
20.8%, P = 0.02).65 Finally, a detailed analysis of the NICE-
SUGAR database showed a dose-response relationship for 
harm, dependent on the degree of hypoglycemia.66 Based 
on the current studies, it appears that tight glycemic con-
trol, and even routine normalization of plasma glucose,67 
may not be the right goal. The optimal glucose target may 
not be the same for all patients and all clinical scenarios; 
it may be more a function of the rate of glucose change as 
opposed to a static number.

Activated Protein C
Patients with severe sepsis have systemic inflammation 
resulting in coagulation abnormalities that range from 
subtle elevations in plasma d-dimer levels to clinically 
evident disseminated intravascular coagulation.68,69 Rec-
ognition that sepsis can cause microthrombosis and that 
patients with sepsis have low circulating levels of acti-
vated protein C (APC) led to the investigation of APC as 
a specific therapy for sepsis.70 APC is a naturally occur-
ring anticoagulant that inactivates factors Va and VIIIa 
and prevents the generation of thrombin,71 which is 
capable of stimulating multiple inflammatory pathways. 
Additional effects of APC include a permissive effect on 
thrombolysis that allows clearance of systemic micro-
thrombi.69 APC also decreases the expression of tissue fac-
tor and can bind selectins, which activate neutrophils on 
the endothelial surface.72 Recent data suggest that APC 
levels can predict the outcome from multisystem organ 
failure, regardless of the inciting event.73

Recombinant human APC (Xigris) was developed by Eli 
Lilly for use in the treatment of severe sepsis.72 In a pub-
lication of the Protein C Worldwide Evaluation in Severe 
Sepsis (PROWESS) study of 1690 patients with severe sep-
sis randomized to receive APC or placebo, the mortality 
rate was 30.8% in the placebo group and 24.7% in the 
APC group (P = 0.005). Intravenous infusion of APC at  
24 μg/kg/hr for 96 hours was associated with a 6.1% abso-
lute reduction in the risk for death. The trial was stopped 
early for efficacy, but subsequent subgroup analysis sug-
gested that the mortality benefit was limited to patients 
with increased illness severity (i.e., Acute Physiology and 
Chronic Health Evaluation [APACHE] score of >24). The 
most important adverse effect was serious bleeding (3.5% 
versus 2%, P = 0.06), as would be expected because of its 
anticoagulant effect. The U.S. Food and Drug Adminis-
tration (FDA) approved the release of the drug based on 
only this study, but limited its use to patients with a high 
risk of death and requested additional trials involving 
patients with lower APACHE II scores. The trial enrolling 
patients with lower APACHE scores (ADministration of 
DRotrecogin alfa [activated] in Early stage Severe Sepsis) 
[ADDRESS] trial) was terminated early for futility by the 
data and safety monitoring committee.74

A new randomized, placebo-controlled trial of APC 
(PROWESS-SHOCK) was undertaken to hopefully pro-
vide the definitive answer.75 In this trial, 1697 patients 
with infection, systemic inflammation, and shock were 
recruited from 208 sites in Europe, North and South Amer-
ica, Australia, New Zealand and India. They were random-
ized to receive a 96-hour infusion of APC or placebo. The 
primary endpoint, 28-day mortality, was equal between 
the two groups. (26.4% in APC group versus 24.2% in 
control group, RR 1.09, 95% CI 0.92 to 1.28, P = 0.31). Eli 
Lilly voluntarily withdrew APC from the market late in 
2011 because of these study results.

ACUTE RESPIRATORY FAILURE

ICUs were first developed to manage patients with acute 
respiratory failure as a result of poliomyelitis. Since then, 
management of patients with acute respiratory failure 
has been revolutionized by the development of modern 
mechanical ventilators. Ashbaugh and associates first 
reported ARDS in 1967.76 They described 12 patients with 
acute respiratory distress, cyanosis refractory to oxygen 
therapy, decreased lung compliance, and diffuse bilat-
eral infiltrates on chest radiography. Because this initial 
definition lacked specific criteria that could be used to 
identify patients for research, the American-European 
Consensus Conference Committee recommended new 
definitions in 1994.77

Although critical for providing a framework for the 
ARDS network (ARDSnet) and other studies, it was recog-
nized that the American-European consensus definitions 
had significant limitations as a result of the variability in 
the PaO2/FiO2 ratio with ventilator settings, poor reliabil-
ity of chest radiographic criteria, and difficulties distin-
guishing hydrostatic edema. Therefore, a new consensus 
conference was convened to update the definitions, and 
the Berlin Definition of ARDS was formed.78 Table 101-2 
compares the two lists of criteria used to define acute lung 
injury (ALI) and ARDS.

Treatment of ALI or ARDS is primarily supportive and 
consists of mechanical ventilation, which allows time for 
treatment of the underlying cause of the lung injury and 
for natural healing.79 Until recently, most studies of ALI 
or ARDS reported a mortality rate of 40% to 60%, with 
death attributed to sepsis or multiorgan failure rather 
than the primary respiratory causes.80,81

Several clinical trials have addressed one of the hall-
marks of ALI or ARDS—decreased lung compliance. The 
National Institutes of Health (NIH) ARDSnet reported the 
definitive study on protective mechanical ventilation in 
2000.38 In this prospective study of patients with ALI, the 
mortality rate was reduced from 40% in patients receiv-
ing tidal volume ventilation of 12 mL/kg to 31% in those 
receiving 6 mL/kg. The low–tidal volume group also had 
more ventilator-free and organ failure–free days than did 
the higher–tidal volume group. Several reasons have been 
postulated for the discrepancy between this study and 
the previous inconclusive studies. First, the NIH study 
may have been better able to show a difference because it 
used lower tidal volumes than used in the other studies. 
Second, the NIH study allowed treatment of respiratory 
acidosis with high respiratory rates or with sodium bicar-
bonate. Treatment of respiratory acidosis may have pre-
vented deleterious effects. Third, the NIH study enrolled 
861 patients, which was by far the largest study and 
increased the statistical power to find a positive effect of 
low–tidal volume ventilation.82

In a second study using the same patient database, Eis-
ner and associates83 did not find any evidence that the 



efficacy of the low–tidal volume strategy varied according 
to the clinical cause of ARDS. Although the mortality rate 
was highest (43%) in patients with sepsis, intermediate 
(36%) in patients with pneumonia and aspiration pneu-
monitis, and lowest (11%) in patients with trauma, no 
evidence of differential efficacy of low–tidal volume ven-
tilation was found in different groups with ALI or ARDS. 
The investigators concluded that the recommendations 
for low–tidal volume ventilation should be applied to 
all patients with ALI or ARDS, regardless of the inciting 
cause.

Important advances in the ventilatory management 
of patients with ALI or ARDS have led to improvements 
in the care of patients in the ICU. With the impressive 
9% absolute reduction in mortality demonstrated by the 
ARDSnet trial, low–tidal volume mechanical ventilation 
should be considered the standard of care for patients 
with ALI or ARDS unless a more efficacious strategy is 
demonstrated. Figure 101-2 shows the protocol used at 
the University of California, San Francisco, for mechani-
cal ventilation of patients with ALI or ARDS. An unan-
swered question remains regarding whether patients 
without ARDS should be managed with a lung-protective 
strategy. A recent meta-analysis showed that in patients 
without lung injury, low tidal volume was associated with 
less progression to lung injury and lower mortality.84

Nontraditional Ventilatory Interventions
In addition to low tidal volume, other therapies have 
been used for the care of patients with ALI. Most have 
tried to improve the ventilation-perfusion (V̇/Q̇ ) mis-
matching and hypoxemia that result from ALI. The fol-
lowing sections discuss data associated with high PEEP, 
recruitment maneuvers, prone positioning, inhaled nitric 
oxide (iNO), neuromuscular blocking agents, and early 
tracheostomy.

high Positive eNd-exPiratory Pressure. The use of 
PEEP has been proposed as a mechanism to minimize 
cyclical alveolar collapse and shear injury (atelectrauma). 
Brower and coworkers (Assessment of Low–Tidal Volume 
and increased End-Expiratory Volume to Obviate Lung 
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Injury [ALVEOLI] trial) randomly assigned 549 patients 
with ARDS to receive low–tidal volume ventilation with 
either lower or higher PEEP levels.85 They found similar 
rates of death before hospital discharge whether lower or 
higher PEEP was used (24.9% versus 27.5%, respectively, 
P < 0.001). These results were confirmed by a recent meta-
analysis that combined data from three trials including 
more than 2000 patients to examine the effects of higher 
versus lower PEEP. Treatment with higher versus lower 
levels of PEEP was not associated with improved hospital 
survival.86 For now, the recommendations are to use tra-
ditional PEEP values of 5 to 12 cm H2O.

LuNg recruitmeNt maNeuvers. Gravity-dependent atel-
ectasis is invariably observed in patients with ARDS. The 
atelectatic lung areas lead to intrapulmonary shunting, 
V̇/Q̇  mismatching, and regional differences in compli-
ance. Recruitment maneuvers, which involve periods of 
sustained increased airway pressure, have been proposed 
to re-expand atelectatic alveoli and avoid atelectrauma.87 
These maneuvers must be performed with caution because 
venous return may significantly decrease, thereby leading 
to hypotension, and alveolar ventilation may decrease, 
thereby resulting in hypercapnia and respiratory acido-
sis. Other clinically significant events can include pneu-
mothorax, arrhythmias, and bacterial translocation. The 
optimal pressure, duration, and frequency of recruitment 
maneuvers have not been defined. In the ARDSnet ALVE-
OLI trial, patients randomized to the PEEP group also 
received recruitment maneuvers with airway pressures 
of 35 to 40 cm H2O for 30 seconds to assess the effect 
on oxygenation.85 After the first 80 patients, recruitment 
maneuvers had only a modest effect on oxygenation and 
were not continued for the remainder of the study. At 
this time, routine use of recruitment maneuvers can-
not be recommended because they have been shown to 
increase oxygenation only transiently without improving 
mortality.

ProNe PositioNiNg. Because atelectasis and V̇/Q̇  mis-
matching appear to be dependent on gravity, one assump-
tion is that turning a patient from the supine to the prone 
TABLE 101-2 COMPARISON OF THE AMERICAN-EUROPEAN CONSENSUS CONFERENCE AND BERLIN 
DEFINITION OF ACUTE RESPIRATORY DISTRESS SYNDROME

AECC Definition77 Berlin Definition78

Timing Acute onset Onset is within 1 week of a known clinical insult or new or worsening respiratory 
symptoms.

Oxygenation ALI: PaO2/FiO2 ≤300 mm Hg
ARDS: PaO2/FiO2 ≤200 mm Hg

Mild: 200 mm Hg; PaO2/FiO2 ≤300 mm Hg with PEEP or CPAP ≥5 cm H2O
Moderate: 100 mm Hg; PaO2/FiO2 ≤200 mm Hg with PEEP ≥5 cm H2O
Severe: PaO2/FiO2 ≤100 mm Hg with PEEP ≥5 cm H2O

Chest radiograph Bilateral infiltrates Bilateral opacities are not fully explained by effusions, lobar or lung collapse, 
or nodules.

Edema PAWP ≤18 mm Hg when 
measured or no clinical 
evidence of left atrial 
hypertension

Respiratory failure is not fully explained by cardiac failure or fluid overload.

Risk factor Not included in definition If no risk factor for lung injury is identified, then objective assessment such as 
echocardiography to exclude hydrostatic edema is needed.

AECC, American-European Consensus Conference; ALI, acute lung injury; ARDS, acute respiratory distress syndrome; FiO2, fraction of inspired oxygen; 
PaO2, partial arterial pressure of oxygen; PAWP, pulmonary artery wedge pressure; PEEP, positive end-expiratory pressure.
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ARDSnet
NIH NHLBI ARDS Clinical Trials Network

Mechanical Ventilation Protocol Summary
UCSF Division of Critical Care Medicine

INCLUSION CRITERIA Acute onset of:
1.  PaO2 /FiO2  300 (corrected for altitude).
2.  Bilateral (patchy, diffuse or homogeneous) infiltrates consistent with pulmonary edema.
3.  No clinical evidence of left atrial hypertension.

PART I: Ventilator setup and adjustment
1.  Calculate ideal body weight (IBW):
     Male 50 2.3 (height [inches] − 60)
     Female 45.5 2.3 (height [inches] − 50)
2.  Select Assist Control Mode.
3.  Set initial TV to 8 mL/kg IBW.
4.  Reduce TV by 1 mL/kg at intervals  2 hours until TV 6 mL/kg.
5.  Set initial rate to approximate baseline VE (not 35 bpm).
6.  Adjust TV and RR to achieve pH and plateau pressure goals below.
7.  Set inspiratory flow rate above patient demand (usually 80 L/min).

Definition of weaning tolerance
1.  RR 
2.  SpO2
3.  Respiratory distress is absent (
Pulse 

A.  Conduct a CPAP Trial daily when:
1.  FiO2  0.40 and PEEP  8.
2.  PEEP and FiO2  values of previous day.
3.  Patient has acceptable spontaneous breathing efforts. (May decrease vent rate by 50% for 5 minutes to detect effort.)
4.  Systolic BP 

CONDUCTING THE TRIAL:
Set CPAP 5 cm H2O, FiO2 0.50
If RR  35 for 5 min: advance to Pressure Support Weaning below.
If RR 35 in

PART II: Weaning

2 of the following)

paradox, diaphoresis; marked complaints of dyspnea.
5 minutes; marked use of accessory muscles; abdominal

2 hr, assess for ability to sustain unassisted breathing below.

c.  If initial PS not tolerated: return to previous A/C settings.
5-min intervals until RR 26 to 35, then go to step 3a.

If CPAP trial not tolerated: return to previous A/C settings.

B.  Pressure support (ps) weaning procedure
1.  Set PEEP 5 and FiO2 0.50.
2.  Set initial PS based on RR during CPAP trial:
     a.  If CPAP RR 25: set PS 5 cm H2O and go to step 3d.
     b.  If CPAP RR 25 to 35: set PS 20 cm H2O then reduce by 5 cm H2O at 

3.  REDUCING PS (No reductions made after 1700 hr.)
     a.  Reduce PS by 5 cm H2O q1-3h, then go to step 3d.
     b.  If  PS  10 cm H2O not tolerated, return to previous A/C settings. (Reinitiate last tolerated PS level next AM and go to step 3a.)
     c.  If PS 5 cm H2O not tolerated, return to PS 10 cm H2O.  If tolerated, 5 or 10 cm H2O may be used overnight with further attempts 
 at weaning the next morning.
     d.  If PS 5 cm H2O tolerated for 

5 min: may repeat trial after appropriate intervention (e.g., suction, analgesia, anxiolysis).

90 mm Hg without vasopressor support.

·

5 minutes) and:35 (may exceed 35 for 
88% ( 15 minutes at 88% may be tolerated) and

120% of usual rate for 

 
Figure 101-2. Protocol for low–tidal volume mechanical ventilation of patients with acute lung injury or acute respiratory distress syndrome 
(ARDS) in use at the University of California, San Francisco (UCSF). The protocol is based on that used in the ARDSnet trial. A/C, Assist/control; BP, 
blood pressure; CPAP, continuous positive airway pressure; FiO2, fraction of inspired oxygen concentration; ICU, intensive care unit; I:E, inspiratory-
to-expiratory ratio; NHLBI, National Heart, Lung, and Blood Insti tute; NIH, National Institutes of Health; PaO2, partial alveolar pressure of oxygen; 
PEEP, positive end-expiratory pressure; Pplat, plateau pressure; PS, pressure support; RR, respiratory rate; SpO2, saturation of peripheral oxygen; 
TV, tidal volume; VE, minute ventilation.
position would change these relationships and improve 
gas exchange. Prone positioning is fraught with diffi-
culty and can result in accidental extubation, dislodge-
ment of the line or chest tube, and patient injury, but 
it can lead to higher functional residual capacity, better 
drainage of secretions, and improved oxygenation. Gat-
tinoni and colleagues performed a multicenter, prospec-
tive randomized trial, enrolling 304 patients with ARDS 
to compare supine positioning with prone positioning 
for 6 or more hours per day for 10 days.88 Oxygenation 
was improved in the prone group, but mortality did not 
differ between the two groups. Most recently, Guerin and 
colleagues studied patients with severe ARDS (PaO2/FiO2 
ratio < 150 mm Hg).89 All the participating medical cen-
ters had more than 5 years’ experience with prone posi-
tioning. Patients were placed in the prone position early 
in the disease process (within 1 hour of  randomization) 
for more than 16 consecutive hours per day, as well as 
sedated and paralyzed with neuromuscular blockers. 
Twenty-eight day mortality decreased from 32.8% in the 
control group to 16.0% in the prone group (p < 0.001), 
and the incidence of complications was not significantly 
increased in the intervention group. Although specific 
patients may benefit from this technique, the data do not 
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OXYGENATION GOAL:
PaO2 55 to 80 mm Hg or  SpO2 88% to 95%
Use incremental FiO2/PEEP combinations below to achieve goal:

PLATEAU PRESSURE GOAL:  
Check Pplat (0.5 sec insp. Pause), SpO2, total RR, TV and pH at least q4h and after each change in PEEP or TV

If Pplat 30 cm H2O: decrease TV by 1 mL/kg steps (min 4 mL/kg)
If Pplat 25 cm H2O: increase TV by 1 mL/kg until Pplat 25 cm H2O or TV 25 cm H2O or TV 6 mL/kg

pH GOAL: 7.25 to 7.45
Acidosis Management:
 pH 7.25 but 7.20
1.  Notify ICU resident of pH 7.25.
2.  Increase RR until pH 7.25 or PaCO2 25.
3.  If RR 35 and/or PaCO2 25, MAY give NaHCO3 or choose to leave as is until pH 7.20.
pH 7.20
1.  Increase RR to 35 (if not already 35).
2.  If pH remains 7.20 and NaHCO3 considered or infused, TV may be increased in 1 mL/kg steps until pH 7.20.
    (Pplat target may be exceeded.)
Alkalosis Management (pH 7.45)
1.  Decrease ventilator rate if possible.

I:E RATIO GOAL: 1:1 to 1:3.  Adjust flow rate to achieve goal.
If FiO2 1.0 and PEEP 24 cm H2O, may adjust I:E to 1:1.

FiO2 0.3 0.4 0.4 0.5 0.5 0.6 0.7 0.7

PEEP 5 5 8 8 10 10 10 12

FiO2 0.7 0.8 0.9 0.9 0.9 1.0 1.0 1.0

PEEP 14 14 14 16 18 20 22 24

C.  Unassisted breathing trial
1.  Place on a T-piece, trach collar, or CPAP 5 cm H2O.
2.  Assess for tolerance as below for 2 hours.
3.  If tolerated, consider extubation.
4.  If not tolerated, resume PS 5 cm H2O.

Definition of Unassisted Breathing Tolerance:
1.  RR 35 and
2.  SpO2 90% and/or PaO2 60 mm Hg and
3.  Spontaneous TV 4 mL/kg IBW and
4.  Respiratory distress is absent ( 2 of the following):
     pulse 120% of usual rate for 5 minutes, marked use of accessory muscles;         
 abdominal paradox, diaphoresis, marked complaints of dyspnea.

30 cm H2O

Figure 101-2, cont’d.
currently support the routine use of prone positioning at 
all hospitals. The use of specialized beds that can provide 
significant side-to-side rotation may be an alternative to 
prone positioning, but these beds have not been tested 
in prospective trials.

iNhaLed Nitric oxide. Numerous cells synthesize endog-
enous nitric oxide (NO) in the human body, including 
macrophages, mast cells, and smooth muscle cells. NO 
modulates vascular tone and neurotransmission, inhibits 
platelet aggregation and cell cytotoxicity, and interacts 
with free radicals.90,91 NO binds to hemoglobin and is then 
metabolized by conversion to nitrites and nitrates, which 
are excreted in urine.92 This process is extremely rapid 
and results in a half-life on the order of seconds, so the 
effect of NO is limited to the immediate area in which it 
is released. Selective delivery of NO by inhalation (iNO) to 
well-ventilated areas of the lung improves V̇/Q̇  mismatch-
ing and improves oxygenation by dilating the local pul-
monary capillaries (Fig. 101-3). This effect is in contrast 
to other pulmonary vasodilators, which usually worsen 
gas exchange by indiscriminately dilating vessels (also see 
Chapter 104). In particular, hemoglobin inactivates iNO in 
the lung , which minimizes harmful systemic vasodilation.

Initially, iNO was used as salvage therapy to improve 
oxygenation in patients with severe ARDS.93 Further 
studies then used iNO earlier in the course of ARDS and 
were able to demonstrate decreased pulmonary artery 
pressure, decreased venous admixture, and increased 
oxygenation with no change in systemic blood pressure, 
systemic vascular resistance, or cardiac output.94,95 The 
average improvement in the PaO2/FiO2 ratio was 42%.96  
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The beneficial effects appear to be sustained during long-
term therapy, but a rebound phenomenon has been 
reported after the abrupt removal of iNO therapy.97

Three randomized controlled trials of iNO in patients 
with ARDS were published in 1998. Two of the studies 
were small (<40 patients), and the results were consistent 
with the larger multicenter placebo-controlled, double-
blinded trial.98 In the third study, patients in the iNO 
group had an acute improvement in oxygenation, but 
no differences in FiO2 were observed between the iNO 
and placebo groups from days 2 through 7. Most impor-
tantly, no differences in mortality or the number of days 
alive and not requiring mechanical ventilation were 
found through day 28. In patients who were responders 
to iNO, defined as a 20% or greater increase in PaO2, no 
differences in 30-day mortality were reported between 
responders given iNO and responders given conventional 
therapy.96 A recent meta-analysis examining 12 trials 
involving 1237 patients also found an increased PaO2/
FiO2 ratio in the iNO group and, again, no significant 
effect of iNO on hospital mortality, duration of ventila-
tion, or ventilator-free days. However, an increased risk 
for renal dysfunction (risk ratio [RR], 1.5; 95% CI 1.1 to 
2.02) was reported in the patients receiving iNO.99

Because of the data available, routine use of iNO in 
patients with ARDS cannot be recommended. However, 
no data are available that address the use of iNO as rescue 
therapy for patients with critically low oxygenation. Fur-
ther randomized studies of patients with specific disease 
states (e.g., rapidly progressive hypoxia, severe pulmo-
nary hypertension, right ventricular failure) may identify 
the subgroup that could potentially benefit from iNO.

NeuromuscuLar BLockiNg drugs. First reported in 1977, 
severe muscle weakness was described in patients exposed 
to a combination of mechanical ventilation, high-dose 
corticosteroids, and neuromuscular blocking agents 
(NMBAs) (see also Chapter 34).100 Since then, more than 
20 studies have been published; most were observational 
study designs. The majority of the data from  previous 
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studies indicate only a causal relationship between 
NMBAs and ICU-acquired weakness (ICU-AW).101 Kesler 
and colleagues, after a change in clinical practice to avoid 
muscle paralysis, compared the records of 74 patients 
with asthma admitted between 1995 and 2004. They 
found no difference in the incidence of ICU-AW, despite 
this deliberate reduction in the use of NMBAs (20% versus 
14%, P = 0.23).102

More recently, Papazian and colleagues reported a 
study investigating the use of cisatracurium on the out-
come of patients with severe acute respiratory distress 
syndrome (PaO2/FiO2 ratio <150).103 In this study, 340 
patients were randomized to receive 48 hours of cisatra-
curium or placebo. Although the primary outcome was 
90-day survival, muscle testing was performed to look for 
signs of weakness. No difference was observed between 
groups in the incidence of ICU-AW (29% versus 32%, 
P = 0.49). In the subgroup that received corticosteroids, 
no difference in the frequency of ICU-AW was observed 
(37% versus 30%, P = 0.32). The hazard ratio for death at 
90 days in the cisatracurium group, as compared with the 
placebo group, was 0.68 (95% CI 0.48 to 0.98, P = 0.04).

With the current understanding of NMBAs, more data 
are clearly needed. In patients undergoing mechani-
cal ventilation for ARDS, short periods of NMBAs may 
improve oxygenation and decrease ventilator-induced 
lung injury, but studies that can separate neuromuscular 
blockade from immobilization and sedation as causative 
factors in the pathogenesis of ICU-AW are needed before 
definitive statements can be made.

Indications for Tracheotomy
Tracheotomy is a common procedure in the ICU that is per-
formed in approximately 10% of critically ill patients who 
require mechanical ventilation.104 Placement of a trache-
otomy is thought to allow a more secure and manageable 
airway, earlier and safer enteral feeding, easier oral care, 
and enhanced patient comfort while reducing sedation 
needs and facilitating mobilization. Complications from 
tracheotomy include stoma infection, pneumothorax, sub-
cutaneous emphysema, tracheomalacia, and tracheosteno-
sis.105 Major questions concerning tracheotomy include 
which patients with acute respiratory failure should have 
the procedure and when it should be performed.

A review published in 1998 concluded that insuffi-
cient evidence supports the view that timing of a trache-
otomy can alter the duration of mechanical ventilation 
or prevent airway injury in critically ill patients.106 Since 
then, individual studies have reported decreased days of 
mechanical ventilation,107 decreased duration of ICU and 
hospital LOS,108 and less damage to the upper airway107 
with early tracheotomy. A meta-analysis attempted to 
answer this question definitively. Unfortunately, only five 
trials with 406 patients were found that met the inclusion 
criteria.109 They reported that the timing of tracheotomy 
did not alter mortality or increase the risk for hospital-
acquired pneumonia. Early tracheotomy did, however, 
lower the duration of mechanical ventilation and the 
overall LOS in the ICU (Table 101-3). The results were 
far from conclusive. Heterogeneity was high in the meta-
analysis because of variability in inclusion and exclu-
sion criteria, definitions of early and late tracheotomy, 



characteristics of enrolled patients, and diagnostic criteria 
for hospital-acquired pneumonia.

More recently, Blot and associates compared early tra-
cheotomy (within 4 days of intubation) with prolonged 
intubation in a randomized controlled trial conducted in 
25 French ICUs.110 The trial did not demonstrate any major 
benefit of tracheotomy as defined as 28-day mortality, inci-
dence of VAP, ventilator-free days, or time in the ICU. The 
results were confirmed by Terragni and coworkers, who stud-
ied the effectiveness of early tracheotomy (6 to 8 days after 
intubation), compared with late tracheotomy (13 to 15 days 
after intubation) in reducing VAP.111 In this randomized 
controlled trial performed in 12 Italian ICUs, early tracheos-
tomy did not result in statistically significant improvement 
in the incidence of VAP (14% versus 21%, P = 0.07).

There appears to be no effect on mortality or VAP inci-
dence whether critically ill patients undergo early or late 
tracheotomy. It is possible that subgroups of patients may 
have mortality benefit from early tracheotomy, but the 
difficulty comes in identifying these patients. The need to 
have better predictive models to identify patients who may 
have a simple subsequent weaning process after failing 
the first attempt is significant. Tracheotomies should be 
performed in patients who will encounter difficult or pro-
longed weaning. Unfortunately, no validated specific and 
sensitive test or scoring system is available that can predict 
the need for prolonged ventilation; therefore, the selection 
of patients for tracheotomy remains a subjective decision.

PercutaNeous versus oPeN tracheotomy. Percutaneous 
techniques are emerging as a method of securing the air-
way of adults in critical care settings. Advantages include 
smaller skin incision, less tissue trauma, lower incidence 
of wound infection, reduced risk associated with the 
transfer of patients to the surgical department, and fewer 
personnel requirements. Two meta-analyses showed a 
trend toward fewer complications, cost-effectiveness by 
releasing surgical resources, and greater feasibility than 
the open surgical approach when performing the percu-
taneous procedure at the bedside.112,113 One important 
caveat of these results is to remember the exclusion cri-
teria for most of these studies (e.g., emergency tracheos-
tomy, suspicion or evidence of a difficult airway, previous 

TABLE 101-3 DATA COMPARING EARLY-TO-LATE 
TRACHEOSTOMY 

Relative 
Risk

95% Confidence 
Interval P Value

Timing of 
tracheotomy

0.79 0.45-1.39 0.42

Development of 
pneumonia

0.9 0.66-1.21 0.48

Mean 
Difference

95% Confidence 
Interval P Value

Time on 
ventilator

−8.5 days −15.3 to −1.7 days 0.03

Length of ICU 
stay

−15.3 days −24.6 to −6.1 days 0.001

Modified from Griffiths J, Barber VS, Morgan L, et al: Systematic review and 
meta-analysis of studies of the timing of tracheostomy in adult patients 
undergoing artificial ventilation, BMJ 330: 1243, 2005.
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airway problems, coagulopathies, previous tracheosto-
mies). Consequently, although the procedure appears to 
be safe and effective, the favorable data exist only for a 
particular subset of patients admitted to the ICU.

Intravenous Fluid Management  
and Monitoring
The use of pulmonary artery catheters (PACs) in criti-
cally ill patients has dramatically decreased. Most studies 
have failed to show efficacy or have demonstrated harm. 
The best known of these investigations is the Study to 
Understand Prognoses and Preferences for Outcomes 
and Risks of Treatments (SUPPORT), which was a retro-
spective, observational study involving 5735 critically ill 
patients.114 In those patients, the use of a PAC was asso-
ciated with increased mortality and cost. Richard and 
coworkers completed a prospective, observational trial of 
PACs versus central venous catheters (CVCs) in patients 
with ARDS or shock.115 Clinical management was left 
to the discretion of the treating physician. In 36 French 
ICUs, no difference was observed in any of the outcome 
variables measured in 676 patients.

The Fluids and Catheters Treatment Trial (FACTT), 
conducted by the National Heart, Lung, and Blood Insti-
tute (NHLBI) ARDSnet, compared hemodynamic manage-
ment guided by a PAC with hemodynamic management 
guided by a CVC in 1000 patients with established ALI.116 
Patients were treated at select academic ICUs by clinicians 
who were trained in interpreting hemodynamic data and 
who were following a specific management protocol. 
Although serious catheter-related complications were 
rare, the PAC group had a higher incidence of arrhyth-
mias and conduction blocks. The investigators were 
unable to demonstrate prevention or reversal of organ 
failure, reduced need for support (e.g., vasopressors, 
assisted ventilation, renal replacement therapy), faster 
discharge from the ICU, or decreased 60-day mortality in 
the PAC group versus the CVC group. Possibly because of 
this growing evidence, the use of the PAC has decreased 
by 65% during the last decade in the United States.117

The interesting result from FACTT was that a conser-
vative fluid management plan appeared more effective 
in patients with established ALI.118 Although the 60-day 
mortality was similar in both groups, patients in the con-
servative fluid management group had improved lung 
function; improved central nervous system function; 
and a decreased need for sedation, mechanical ventila-
tion, and intensive care. In addition, the patients in the 
conservative fluid management group did not have an 
increased incidence of complications, such as nonpulmo-
nary organ failure or shock.

For the past decade, the emphasis has been less on 
the measurement of pulmonary capillary wedge pressure 
or central venous pressure and more on the assessment 
of fluid responsiveness. The belief is that this dynamic 
measurement based on physiologic responses would be 
better than a static indicator.119 The measurements can 
be derived from an arterial pressure waveform (systolic 
pressure variations [SPVs] and pulse pressure variations 
[PPVs]), are minimally invasive, allow beat-to-beat moni-
toring, and permit assessment of heart-lung interactions 
in patients who are mechanically ventilated (Fig. 101-4). 
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Although studies have been promising for the purpose 
of predicting fluid responsiveness under anesthesia,120,121 
they have been more problematic in the ICU. Patients 
generally have to be in sinus rhythm, have a closed chest, 
have normal intraabdominal pressures, and be on con-
trolled ventilation with PEEP between 0 and 5 cm H2O.122

Perhaps the most prudent approach from all these data 
is to base management on clinical examination findings 
and appropriately titrated fluid according to the patient’s 
phase of illness. Goal-directed, liberal fluid administra-
tion during the acute phase of sepsis offers important 
benefits.123 However, excess fluid is not beneficial when 
it is not physiologically needed during the established 
phase of ALI.

FLUID SELECTION: COLLOID VERSUS 
CRYSTALLOID

There is still no clear evidence as to what type of fluid 
(colloid or crystalloid) should be used for fluid admin-
istration. Finfer and associates randomized almost 7000 
patients admitted to the ICU to receive either 4% albu-
min or normal saline.124 Mortality from any cause during 
the 28-day period was similar in both groups, leading the 
authors to conclude that albumin and saline should be 
considered equivalent for intravascular volume replace-
ment in a mixed population of ICU patients. Among col-
loids, evidence against the use of hydroxyethyl starch 
(HES), because it may increase kidney injury, seems to 
exist. When comparing HES versus saline, more patients 
in ICUs who were resuscitated with HES required renal 
replacement therapy (7% versus 5.8%, P = 0.04) and devel-
oped adverse effects (e.g., pruritus, skin rash) (5.3% ver-
sus 2.8%, P < 0.001).125 In patients with severe sepsis, the 
use of HES compared with lactated Ringer solution led to 
increased 90-day mortality (RR 1.17; 95% CI 1.01 to 1.36,  
P = 0.03) and increased requirement for renal replace-
ment therapy (RR 1.35; 95% CI 1.01 to 1.80, P = 0.04).126 
Presently, HES is increasingly becoming viewed as a solu-
tion that should not be administered (see Chapter 61).

ACUTE LIVER FAILURE

Epidemiology
Acute liver failure (ALF) is an uncommon disorder that 
leads to jaundice, coagulopathy, and multisystem organ 
failure. The development of hepatic encephalopathy 
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Figure 101-4. Noninvasive measurements of fluid responsiveness. 
PPmax, Maximal volume of pulse pressure; PPmin, minimal volume of 
pulse pressure: SPV, systolic pressure variation.
within 8 weeks after the onset of jaundice in patients 
with no known chronic liver disease defines ALF.127 ALF 
affects approximately 2000 people per year in the United 
States,128 with acetaminophen overdose the cause in a 
majority of the cases.129 Mortality from fulminant hepatic 
failure (FHF) can be high (60% to 80%) in the absence of 
liver transplantation, depending on the cause.130 Causes 
of death are mainly multisystem organ failure, sepsis, and 
cerebral edema. Liver transplantation for ALF generally 
has a worse outcome than transplantation for chronic 
liver disease because of the high postoperative mortality 
caused by sepsis and multiorgan failure.131

Prognostic Factors in Acute Liver Failure
The timing of transplantation and the selection of 
patients are crucial because transplantation is the only 
therapeutic intervention proved to be beneficial.132 
Although scoring systems have been proposed, the myr-
iad causes of ALF limit their accuracy (Fig. 101-5). Most 
case series are limited in number, and some span long 
periods during which supportive therapies may have 
changed. The King’s College criteria have been shown to 
have good specificity (94.6%) for patients who will die 
without transplantation but lower sensitivity (58.2%), 
thus suggesting that a proportion of patients will die 
and not fulfill the criteria.133 The criteria also have low 
negative predictive value, which could lead to transplan-
tation in a patient who would have recovered without 
surgery. Other predictors include the Model for End-
Stage Liver Disease (MELD),134 which has been shown 
to be an excellent predictor of outcome in patients with 
ALF of various causes, excluding acetaminophen.135 
Blood lactate levels136 and hyperphosphatemia137 are 
also promising.

Management of Fulminant Liver Failure
geNeraL suPPortive measures. Patients with ALF are 
prone to rapid deterioration and should be closely moni-
tored, usually in an intensive care setting. The cause of 
the ALF should be identified, and suitable candidates for 
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Figure 101-5. Etiologies of fulminant hepatic failure. (Modified from 
Schiodt FV, Atillasoy E, Shakil AO, et al: Etiology and outcome for 295 
patients with acute liver failure in the United States, Liver Transpl Surg 5: 
29-34, 1999.)



orthotopic liver transplantation should be moved early 
to a transplantation center. Early tracheal intubation may 
be necessary if neurologic status deteriorates and leads to 
airway compromise. Volume expansion with crystalloids 
and colloids is usually required to help maintain blood 
pressure. Correction of acid-base disturbances, treat-
ment of hyperthermia, and close glucose monitoring are 
important to prevent cerebral edema. Renal failure from 
hepatorenal syndrome may develop and is reversible with 
the return of hepatic function. Continuous renal replace-
ment therapy (CRRT) is often required in patients with 
advanced ALF to treat renal insufficiency, volume status, 
and cerebral edema. Early antibiotics and source control 
are important because the incidence of bacteremia and 
sepsis is higher in these patients than in the general pop-
ulation.138 Although abnormalities exist in both the coag-
ulation and fibrinolytic pathways, the defects appear to 
be balanced, and there is a relative preservation of hemo-
stasis unless the platelet count is very low.139 If a cause 
is identified, then initiation of antidotes is needed (e.g., 
N-acetylcysteine for acetaminophen poisoning, penicillin 
G for mushroom poisoning, early delivery for pregnancy-
related ALF).134

maNagemeNt of iNcreased iNtracraNiaL Pressure. The 
development of cerebral edema and intracranial hyper-
tension is the most devastating complication associated 
with ALF (see also Chapter 70). Osmotically active com-
pounds, normally cleared by the liver, accumulate in 
blood and diffuse into the brain parenchyma. Movement 
of water into neurons and glia results in swelling and can 
cause herniation. The exact compounds responsible for 
cerebral edema are unknown, but ammonia is probably a 
major contributor.

Diagnosis of cerebral edema can be difficult. Serial 
neurologic examination is essential, and frequent com-
puted tomography of the head can identify early signs 
of edema. Many centers implement early invasive moni-
toring of intracranial pressure, although this practice has 
not been shown to improve outcome.140 Monitoring can 
be achieved with either cranial or lumbar epidural moni-
tors because traditional intraventricular monitors carry 
an unacceptable risk of bleeding.

Techniques to reduce intracranial pressure include 
the removal of ammonia with CRRT, hypothermia, bar-
biturate coma, and the administration of mannitol and 
hypertonic saline.141 Although most available laboratory 
evidence suggests that hypothermia should be helpful in 
controlling the cerebral complications of ALF, random-
ized clinical trials in patients to demonstrate its safety or 
efficacy are currently lacking.142

Liver suPPort devices

Bioartificial livers. Bioartificial livers use hepatocytes to 
mimic the synthetic, detoxifying, and excretory function 
of the dying liver. Porcine hepatocytes are preferentially 
used because human hepatocytes are difficult to grow 
in culture.143 The device works by passing the patient’s 
plasma through hollow-fiber capillaries while the hepat-
ocytes are placed in the extracapillary space. Molecules 
are exchanged between hepatocytes and plasma across 
a membrane that prevents passage of immunoglobulin, 
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complement, and cells. A prospective, multicenter, ran-
domized controlled trial using the HepatAssist liver sup-
port system was published in 2004.144 The results did not 
show any improvement in survival in the treated group. 
Only during subgroup analysis were patients with ful-
minant or subfulminant liver failure found to have im-
proved survival, but the results were marginal.

artificial extracorporeal Devices. Artificial extracor-
poreal devices have received renewed interest because of 
technology allowing the production of membranes that 
can increase selectivity through small pores. The system 
can be tailored for albumin-bound substances, which 
include most of the toxins that accumulate with FHF. 
Larger molecules such as immunoglobulins cannot cross. 
This system is associated with significant biochemical 
improvements,145 but these studies are small and uncon-
trolled, and whether this will translate into improved 
clinical outcomes still remains a matter of debate (see also 
Chapter 107).

Overall, the liver support devices appear to be safe, but 
adverse events can include bleeding, systemic infection, 
disseminated intravascular coagulation, and anaphylaxis. 
A meta-analysis of the use of artificial and bioartificial life 
support systems in 8 randomized controlled trials involv-
ing only 139 patients concluded that the evaluated sup-
port systems have no significant effect on the mortality 
in patients with ALF.146 Randomized clinical trials are 
limited, considering the patient’s severity of illness. More 
controlled trials addressing survival are warranted before 
this therapy can be strongly recommended.

ACUTE RENAL FAILURE

Epidemiologic Variables
The incidence and outcomes of acute kidney injury (AKI) 
in the ICU are highly variable. Reported incidences can be 
as high as 35%.147 Renal replacement therapy is the main-
stay of support for these patients, but mortality remains 
high. Despite improvements in renal replacement tech-
nology over the years, mortality caused by AKI in the ICU 
has remained at higher than 50%.148

Diagnosis
The diagnosis of AKI has not been straightforward. A 
recent survey revealed the use of at least 35 definitions 
in the literature.149 This state of confusion has given rise 
to the wide variation in reported incidence and clinical 
significance of ARF. The Acute Dialysis Quality Initiative 
(ADQI), which is made up of a group of experts consisting 
of nephrologists and intensivists, has proposed new crite-
ria for describing renal dysfunction. They recognized the 
clinical importance of milder forms of renal insufficiency 
and that stratifying renal dysfunction (mild to severe) 
would better describe the disease. They proposed the RIFLE 
criteria (Table 101-4), which stand for risk, injury, failure, 
and two outcome classes (loss and end-stage kidney dis-
ease). For each increasing RIFLE class, a stepwise increase 
in mortality independent of comorbidity occurs.150 These 
data suggest that strategies to prevent even mild AKI may 
improve survival, and recovery of renal function in the 
ICU should be a specific therapeutic target.
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TABLE 101-4 THE RIFLE CRITERIA 

GFR Criteria UO criteria
OR Hospital 
Mortality150

Risk Cr increased ×1.5 or
GFR decreased >25%

UO <0.5 mL/kg/hr ×6 hr 2.2 (95% CI 2.17-2.3)

Injury Cr increased ×2 or
GFR decreased >50%

UO <0.5 mL/kg/hr ×12 hr 6.1 (95% CI 5.74-6.44)

Failure Increased Cr ×3 or
GFR decrease ≥75% or
Cr >4 mg/dL

UO <0.3 mL/kg/hr ×24 hr
or
Anuria ×12 hr

8.6 (95% CI 8.07-9.15)

Loss Complete loss of renal  
function for >4 wk

ESRD End-stage disease

GFR, Glomerular filtration rate; UO, urine output; OR, odds ratio; Cr, creatinine; ESRD, end-stage renal disease.
Modified from Kidney Disease: Improving Global Outcomes, Acute Kidney Injury Work Group: KDIGO clinical practice 

guideline for acute kidney injury, Kidney Inter Suppl 2(1):1-138, 2012.
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Management of Acute Renal Failure
geNeraL suPPortive measures. Patients with ARF should 
be closely monitored. The cause of the ARF should be 
identified by looking at prerenal, renal, and postrenal 
causes. Laboratory evaluations should include serum and 
urine electrolytes, urinalysis, and examination of urinary 
sediment. Careful assessment of volume status is neces-
sary to determine hypovolemia, leading to prerenal azo-
temia versus hypervolemia from oliguria. Correction of 
acid-base disturbances may be necessary, as well as cor-
rection of electrolyte abnormalities. Continuous renal 
support is often required in patients with advanced renal 
failure to help with volume overload and electrolyte dis-
turbances. Antibiotics and other medications should be 
dosed according to creatinine clearance, and serum levels, 
if available, should be closely monitored. Platelet dysfunc-
tion may occur as a result of uremia and require desmo-
pressin (DDAVP) for support if bleeding is problematic.

Resuscitation fluids with high chloride concentra-
tion (0.9% saline, 4% to 5% albumin) are associated with 
decreased urine flow and electrolyte secretion, hyper-
chloremic metabolic acidosis, and renal vasoconstriction. 
A recent open-label, sequential study where high chlo-
ride-containing solutions were restricted in critically ill 
patients showed decreased progression to renal failure and 
a reduction in the need for renal replacement therapy.151

reNaL suPPort. ARF in the ICU often requires some 
type of renal replacement therapy. Commonly, this is 
accomplished by continuous venovenous hemofiltration 
(CVVH), a form of CRRT. Although CRRT has several the-
oretic advantages over intermittent hemodialysis (IHD), 
such as enhanced hemodynamic stability, increased 
solute removal, and greater ultrafiltration capacity, 
individual randomized trials have not supported its supe-
riority.152,153 The timing and dosing of this therapy and 
the patients most likely to benefit from it remain unclear.

Recently, it appears that the difference in efficacy lies 
not in the type of dialysis (IHD versus CVVH) but in the 
dialysis dose. Undertreatment appears to be harmful,154 
whereas earlier application and higher filtration vol-
umes appear to be associated with decreased mortality in 
patients with ARF.155 On the other hand, intensive-dose 
CRRT has also not been shown to be beneficial in terms 
 mortality, renal function recovery, and ICU LOS.156-158 
en with IHD, which can cause more hemodynamic labil-

y, when studies are controlled for dialysis dose, polymer 
embrane, and bicarbonate-based buffer, 60-day mortal-
y did not differ between the two groups (CRRT versus 
D).159 Although a trend to use CRRT has developed, 

vorable data with IHD are intriguing because using IHD 
ould allow more ICU resources to be allocated elsewhere.

OMPLICATIONS OF INTENSIVE CARE 
NIT MANAGEMENT

ortality in the ICU has been declining. For instance, 
er a 2-year period, the mortality from sepsis dropped 

om 37.0% to 30.8% (P < 0.001).160 Although ICU care 
as advanced and improved, some limitations in the abil-
y to further reduce mortality are the result of compli-
tions of the ICU care that are given. In the following 
ctions, the prevention of ICU complications such as 
U-AW, hospital-acquired infections (HAIs), and mis-
mmunications associated with handoffs are discussed.

TENSIVE CARE UNIT–ACQUIRED 
EAKNESS

s survival after critical illness has improved over the 
ars, many patients now require on-going rehabilitation 
ter discharge from the ICU. Profound neuromuscular 
eakness, or ICU-AW, is common and leads to severe 
nctional impairment in many ICU survivors. Risk fac-
rs for ICU-AW are multifactorial and can include disease 
verity, presence of systemic inflammatory response syn-

rome (SIRS),161 number of days with two or more organ 
ysfunctions, duration of mechanical ventilation,162 ICU 

S, serum glucose levels,163 and use of corticosteroids 
 NMBAs.164 Controversies exist over the risks and ben-
ts of tight glycemic control, and a causal relationship 
tween the use of corticosteroids or NMBAs has not 
en clearly established. At present, few options are avail-
le to prevent or treat ICU-AW specifically.165

A potential therapeutic option is the avoidance of 
d rest with early mobilization in the ICU. Exercise 
n improve strength and increase the production of 



antiinflammatory cytokines, which may play an impor-
tant role in muscle protection.166 Griffiths and coworkers 
described the effects of continuous passive motion of one 
leg in patients with respiratory failure receiving NMBAs. 
The contralateral leg served as the control. Muscle DNA-
to-protein ratio (an index of wasting) was significantly 
less reduced in the leg receiving passive motion.167

Studies are also demonstrating improved clinical out-
comes with early mobility. An early mobility protocol that 
provided rehabilitation therapy 7 days per week via a ded-
icated mobility team—nurse, nurse assistant, and physi-
cal therapist—showed a trend toward decreased hospital 
mortality (12.1% versus 18.2%, P = 0.125). Early mobili-
zation was also associated with decreased LOS in the ICU 
(5.5 days versus 6.9 days, P = 0.025) and decreased LOS in 
the hospital (11.2 days versus 14.5 days, P = 0.006) after 
adjusting for differences in body mass index, APACHE II 
score, and vasopressor use.168

Despite the early data showing benefits, early mobiliza-
tion of critically ill patients in the ICU has unique challenges 
and concerns. One barrier has been the culture regarding 
the need for bed rest and activity restriction during critical 
illness because of the presence of endotracheal tubes, vas-
cular access devices, or other medical equipment. However, 
studies have demonstrated that mobilization of patients 
who are mechanically ventilated can be safely performed. 
Bailey and colleagues showed that in a study of 103 patients 
in the ICU involving over 1400 activity events, only 14 
minor events occurred in 9 patients, and no unanticipated 
extubations or events occurred, requiring additional cost 
or increased LOS in the hospital.169 Morris and colleagues 
obtained similar results in their trial of early mobility on 
145 patients who were intubated in the ICU. They reported 
no incidents of accidental removal of devices.168

It is becoming more apparent that early mobility is 
feasible in ICUs with a supportive culture, and early may 
be significantly sooner than what has been customary. 
 Schweickert and colleagues studied beginning therapy an 
average of 1.5 days after intubation.170 The group of patients 
who were mobilized early were more likely to be function-
ally independent when they left the hospital (59% versus 
35%, P = 0.02), and more patients were able to go directly 
home (43% versus 24%, P = 0.06). Patients in the interven-
tion group had shorter duration of delirium (median 2.0 
days versus 4.0 days, P = 0.02) and more ventilator-free days 
(23.5 days versus 21.1 days, P = 0.05) during the 28-day 
follow-up period than did study control participants.

Early mobilization in the ICU requires a multidisci-
plinary team approach.171 Targets for culture change 
include gaining support from institutional leaders and 
bedside clinicians.172 Careful communication between 
physicians, nurses, and therapists is paramount. More 
research is necessary to identify whether specific groups 
of patients will benefit from early mobilization more than 
others, the appropriate amount of mobilization, and the 
absolute and relative contraindications. The potential for 
early mobilization to affect mortality seems promising.

HOSPITAL-ACQUIRED INFECTIONS

The most common nosocomial infections in medical ICUs 
are urinary tract infections (31%), followed by pneumonia 
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(27%) and primary bloodstream infections (19%).173 Several 
studies have shown that quality improvement initiatives can 
reduce nosocomial infections, mortality, and cost.174,175 The 
Centers for Medicaid and Medicare Services, which admin-
isters federally sponsored health care, no longer reimburses 
hospitals for additional costs associated with common ICU 
complications, including urinary and CVC-associated infec-
tions. This pay-for-performance measure, in addition to the 
widespread adoption of public reporting of infection rates, 
will catalyze significant scrutiny of these infections.

Ventilator-Associated Pneumonia
VAP is defined as pneumonia developing in patients who 
are mechanically ventilated after more than 48 hours of 
intubation, with no clinical evidence suggesting the pres-
ence or probable development of pneumonia at the time 
of initial intubation.176 VAP is a leading cause of morbid-
ity and mortality in patients who are mechanically venti-
lated and critically ill. The incidence of VAP is estimated 
to be 10% to 25%,177 and the estimated mortality rate 
from VAP is 5% to 27%.178 The pathogenetic progression 
of VAP probably involves microaspiration of oropharyn-
geal or gastric secretions contaminated with bacteria. Risk 
factors include previous exposure to antibiotic therapy 
and the presence of invasive devices.179

The diagnosis of VAP is challenging. Frequently, a pre-
sumptive diagnosis of pneumonia is made when fever, 
leukocytosis, purulent secretions, and a new infiltrate on 
chest radiography develop and when bacteria are isolated 
by nonquantitative analysis of endotracheal aspirates. 
These nonspecific diagnostic criteria may lead to unnec-
essary antibiotic use, increased hospital cost, emergence 
of resistant microorganisms, and a potential delay in 
diagnosis of the true cause of the fever. These problems 
led several investigators to propose an invasive manage-
ment strategy for the diagnosis of VAP.

Fagon and colleagues180 used fiberoptic bronchoscopy 
to obtain protected specimen brush samples or bronchoal-
veolar lavage samples for quantitative culture. Patients were 
considered to have VAP if at least 103 colony-forming units 
(CFU)/mL of bacteria grew from the protected specimen 
brush sample or at least 104 CFU/mL of bacteria grew from 
the bronchoalveolar lavage fluid. The patients in the invasive 
management group had reduced mortality at day 14 (16.2% 
versus 25.8%, P = .022) and an increased number of antibi-
otic-free days (5.0 ± 5.1 versus 2.2 ± 3.5 days, P < 0.001). This 
study makes a compelling argument for a more definitive 
diagnosis of VAP before initiating antibiotic therapy. Along 
the same idea but with a less invasive approach, Bregeon 
and associates181 showed that nonbronchoscopically guided 
placement of protected brush catheters is just as sensitive as 
directed bronchoscopy in detecting bacteria in the lungs.

Prevention of Ventilator-Associated 
Pneumonia
As in all nosocomial infections, prevention is the most 
efficacious approach. Excessive use of gastric pH–altering 
medications for stress ulcer prophylaxis increases gas-
tric pH and the risk for VAP.182 The use of sucralfate, an 
agent that does not increase gastric pH, may be prefer-
able to H2-receptor antagonists or proton pump inhibi-
tors. Positioning of the head of the bed at 30 degrees 
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is the most cost-effective intervention to prevent VAP. 
With this intervention, Drakulovic and coworkers found 
a decreased rate of VAP with no adverse effects.183 This 
position results in decreased gastroesophageal reflux and 
is easily implemented and monitored.

Pooling of secretions above the endotracheal tube cuff 
may increase the volume of bacteria that enter the airways. 
Removal of these secretions by continuous aspiration 
in the subglottic region requires the use of a specialized 
endotracheal tube with a second lumen that permits a 
suction catheter to exit proximal to the endotracheal tube 
cuff. A meta-analysis identified 13 randomized controlled 
trials that met the inclusion criteria. Of the 13 trials, 12 
reported reduced VAP rates in the group that had subglot-
tic secretion drainage. The overall RR for VAP was 0.55 
(95% CI 0.46 to 0.66, P < 0.00001). The use of subglottic 
secretion drainage was associated with reduced ICU LOS 
(−1.52 days; 95% CI −2.94 to −0.11, P = 0.03); decreased 
duration of mechanical ventilation (−1.08 days; 95% CI 
−2.04 to −0.12, P = 0.03), and increased time to first epi-
sode of VAP (2.66 days; 95% CI 1.06 to 4.26, P = 0.001). 
There were no beneficial effects on adverse events or on 
hospital or ICU mortality.184 In the patients anticipated 
to have a prolonged course of intubation with mechanical 
ventilation, the use of endotracheal tubes with subglottic 
secretion drainage appears effective for the prevention of 
VAP. The reduction of the number of oral microorganisms 
in the secretions with oral care and 2% chlorhexidine also 
appears to be beneficial for VAP prevention in a recent 
meta-analysis (RR 0.72; 95% CI 0.55 to 0.94, P = 0.02).185

CATHETER-RELATED BLOODSTREAM 
INFECTIONS

Central line–associated bloodstream infections are one of 
the leading causes of health care–associated infections. 
Fortunately, the rate of catheter-related bloodstream 
infections (CRBSI) in the United States has decreased from 
43,000 in 2001 down to 18,000 in 2009.186 This reduc-
tion represents a 58% decrease during this 9-year period. 
Along with a reduction in morbidity and mortality, this 
decrease also resulted in substantial cost savings, since 
each CRBSI is estimated to increase health care costs by 
$16,550. The recognition that many CRBSIs are prevent-
able with the use of bundled clinical practice techniques 
is growing. In fact, the Centers for Medicaid and Medicare 
Services no longer reimburses hospitals for excess costs 
associated with CRBSI,187 and many states now require 
public reporting of hospital-specific CRBSI rates.188

PREVENTION OF CENTRAL VENOUS 
CATHETER INFECTIONS

Many recent studies have shown that the prevention of 
CRBSIs is achievable through large-scale quality improve-
ment projects that involve a bundle of evidence-based 
interventions.189,190 The Health Care Infection Control 
Practices Advisory Committee recently released updated 
multidisciplinary guidelines for the prevention of intra-
vascular catheter-related infections.191 Recommenda-
tions include the use of ultrasound guidance for line 
placement,192 skin preparation with chlorhexidine and 
alcohol,193 chlorhexidine sponge for site dressing,194 anti-
microbial-impregnated CVCs,195 and 2% chlorhexidine 
wash for daily skin cleansing,196 along with maximal ster-
ile barrier. The new guidelines also emphasize that only 
trained personnel should be assigned these tasks and that 
periodic assessment of these individuals should occur.

The need for a CVC should be reassessed daily, and unnec-
essary catheters should be removed because the probability 
of catheter-related infections increases with time. The risk 
of infection with catheterization stays relatively low until 
about the fifth to seventh days and then increases exponen-
tially.197 Several trials have studied scheduled replacement 
of catheters over a guide wire or in a new site, but none of 
these strategies were able to show an improved outcome.198 
Optimal catheter insertion technique and maintenance can 
minimize infectious risks, but the most efficacious maneuver 
is to remove the CVC as soon as it is no longer required. The 
need for central venous access should be reassessed again 
before discharging the patient from the ICU because the dis-
charge procedure is often an opportune time to remove any 
indwelling lines, including bladder catheters.

Catheter-Associated Urinary Tract Infection
Hospital-acquired urinary tract infections (HAUTIs) make 
up 40% of HAIs with an estimated cost of $1200 to over 
$2700 per episode.199 Approximately 80% of HAUTIs are 
catheter-associated urinary tract infections (CAUTIs).200 
In ICUs, where placement of Foley catheters is common, 
the incidence rate ranges from 3.1 to 7.4 CAUTIs per 1000 
urinary catheter days.201

Results from a survey of 441 hospitals suggest that lit-
tle attention had been focused on CAUTI prevention in 
ICUs in the United States.202 To address this gap, multiple 
public policy incentives and private sector quality initia-
tives have been introduced to help reduce the rate of CAU-
TIs and its resultant morbidity, mortality, and cost. For 
instance, hospitals are held accountable by nonpayment 
for CAUTIs from the Centers for Medicare and Medicaid 
Services.202 In 2011, The Joint Commission included the 
implementation of evidence-based practices to prevent 
CAUTIs as one of its 2012 National Patient Safety Goals.203 
This year, the Centers for Medicare and Medicaid enacted 
public reporting of CAUTI rates through its Hospital Inpa-
tient Quality Reporting Program beginning in 2014.204

Prevention of Catheter-Associated Urinary 
Tract Infections
Unfortunately, no single CAUTI prevention strategy is 
widely used. Saint and colleagues found that only 30% of 
hospitals reported regularly using portable bladder ultra-
sound, 14% reported using condom catheters in men, and 
9% reported using catheter reminders or stop orders.205 
Processes that have been introduced include a checklist 
of acceptable rationale for placement and a checklist to 
guide the orders for removal and management.206 The 
elements of performance listed by the Joint Commission 
include the following:

 1.  Inserting indwelling urinary catheters according to 
established evidence-based guidelines that address lim-
iting use and duration to appropriate situations and 
using aseptic techniques for placement



 2.  Managing catheters so that urine flow is unobstructed 
and the collection system remains sterile, and replac-
ing the system when required

 3.  Measuring CAUTI prevention processes by monitor-
ing compliance with guidelines or best practices, and 
evaluating the effectiveness of prevention efforts.

  

Further research is needed to elucidate the relationship 
between adherence to CAUTI prevention recommenda-
tions and CAUTI incidence rates.

HAND WASHING

Hand hygiene compliance is considered to be the single 
most effective factor to reduce HAIs. However, despite its 
importance, the rate of hand hygiene adherence among 
health care providers remains suboptimal.207 Numerous 
hand hygiene products have been evaluated to enhance 
the rate of hand hygiene compliance among health care 
workers, including plain soap, alcohol-based antiseptics, 
chlorhexidine, hexachlorophene, iodine and iodophors, 
parachlorometaxylenol, quaternary ammonium com-
pounds, and triclosan.208 Although randomized con-
trolled trial evidence is lacking, some studies suggest that 
the use of alcohol-based hand rub, along with a compre-
hensive hand hygiene campaign, can lead to reduced 
infection rates with methicillin-resistant Staphylococcus 
aureus.209

In a study examining the survey response from infec-
tion control coordinators, 86% of 95 Veterans’ Adminis-
tration (VA) hospitals and 85% of 416 non-VA hospitals 
reported the adoption of the use of an alcohol hand rub. 
Use of an alcohol-based hand rub was found to be more 
likely in hospitals where leadership support and a com-
mitment to adopting and implementing evidence-based 
recommendations were present.210 The use of alcohol-
based hand rubs is easy to implement and appears to pose 
little risk to users. Hand hygiene compliance is an inex-
pensive and easy goal to achieve with a large potential of 
associated benefits.

COMMUNICATION AND HANDOFFS

With the limitations in resident work hours and the 
need for many ICUs to have physician staff available 
24 hours a day and 7 days a week, handoffs between 
shifts of providers become more important for patient 
care. Handoffs are known to be vulnerable to commu-
nication failures, which could result in reduced patient 
safety and increased medical errors.211 In 2006, The 
Joint Commission created a new National Patient Safety 
Goal on handoffs, requiring organizations to implement 
a standardized approach to hand off communications. 
The research data on this topic are relatively sparse; 
therefore, the Society of Hospital Medicine convened 
a taskforce whose goal was to develop a set of recom-
mendations for handoffs. The taskforce reviewed the lit-
erature and identified the following recommendations: 
(1) have a formal recognized handoff plan; (2) dedicate 
time during the shift for handoffs, using a template 
or technology solution for recording patient informa-
tion; (3) set handoff expectations among the group, 
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giving a verbal face-to-face exchange; (4) give priority 
to high-acuity patients, focusing on a what-to-anticipate 
or a what-to-do list; and (5) highlight action items.212 
Randomized controlled trials are needed in both teach-
ing and nonteaching settings to evaluate these recom-
mendations further and other approaches to improving 
handoffs.

CONCLUSION

Critical care medicine is a growing specialty as the pop-
ulation ages and new procedures and technologies are 
brought into practice. Anesthesiologists represent a small 
proportion of intensivists in the United States but consti-
tute the majority in Europe and other parts of the world. 
Critical care training represents a significant opportunity 
for anesthesia practitioners. The authors of this chapter 
have reviewed the management of a number of com-
monly encountered clinical conditions in the ICU, and 
the reader is referred to Section 8, Critical Care Medi-
cine, Chapters 101 through 108 of this text for additional 
information related to critical care practice. The ICU is a 
nexus, not only for promising therapies but for compli-
cations of treatment as well. To avoid patient harm, all 
practitioners must be aware of best practices, from the 
simplest interventions such as hand hygiene to the latest 
technologic advances.
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Critical Care Protocols and  
Decision Support
BENJAMIN A. KOHL • C. WILLIAM HANSON

K e y  P o i n t s

 •  Protocols allow for standardization of clinical care and widespread adoption of 
evidence-based practices.

 •  Protocol implementation requires a multidisciplinary team for comprehensive 
planning and oversight. Frequent assessment is often necessary (particularly in the 
early phases) to ensure compliance and to monitor outcomes.

 •  Protocols should be devised with the intention of not only improving the quality of 
patient care but also improving patient outcome and the efficiency of care, while 
at the same time, decreasing practice variation and costs.

 •  Specific metrics should be followed after protocol implementation to measure 
the efficacy of the intervention and to help determine whether adjustments are 
necessary.

 •  Quality measures that were found to be valuable (based on effect, feasibility, 
and strength of evidence) included: (1) percentage of patients with ventilator-
associated complications,1 (2) percentage of patients with resistant infections, 
(3) percentage of patients with central venous catheter infections, (4) number of 
complications per patient, (5) average days of mechanical ventilation, (6) rate of 
gastrointestinal bleeding, (7) average intensive care unit length of stay, and (8) 
patient satisfaction.

 •  Computerized decision support algorithms are becoming increasingly 
sophisticated and more widely used. Understanding the limitations of a particular 
tool is essential to maintaining appropriate oversight and avoiding error.
The 2000 projection by the Committee on Manpower for 
Pulmonary and Critical Care Societies (COMPACCS) of 
an ongoing demand for critical care services in the United 
States appears to have been very accurate.2,3 Because the 
future supply of appropriately trained physicians will 
unlikely match this growing demand, intensivists will 
face a larger, sicker population with fewer resources.4,5 
Although few would argue that an intensivist-led unit 
benefits from decreased morbidity and mortality, the 
impending staffing shortage and population growth will 
necessitate care paradigms that maximize efficiency, 
reduce practice variation, and standardize patient care.6-9  
Increasingly, intensive care units (ICUs) have adopted  
and implemented pathways and clinical protocols to 
achieve this goal. Designing such protocols, however, 
is not trivial. Protocols must be devised with the inten-
tion of not only improving the quality of patient care 
but also improving patient outcome and maximizing effi-
ciency of care, while at the same time decreasing practice 
variation and costs. Lohr and colleagues defined quality 
as “the degree to which health services for individuals 
and populations increase the likelihood of desired health 
054
outcomes and are consistent with current professional 
knowledge.”10 It is essential for the well-being of our 
patients that health care providers use this definition as a 
guiding principle whether creating new or implementing 
known protocols. Furthermore, it is critical that clinicians 
not view protocol-driven care as a constraint on clinical 
judgment. On the contrary, protocols require greater 
consideration of individual subtleties among patients, 
and the attentive and experienced clinician understands 
the appropriate time and circumstance to deviate from a 
protocol. The goal then becomes a process: a process of 
learning, a process of observation, and a process of edu-
cated response. Without this goal, critical care becomes 
“cookbook medicine,” and protocols become recipes for 
disaster.

In this chapter we discuss the rationale for care proto-
cols in the context of achieving five goals: (1) enhancing 
quality of care, (2) improving efficiency, (3) decreasing 
cost, (4) decreasing errors, and (5) enabling rigorous clini-
cal research. The focus is on more technical aspects of 
protocol design, including team development, evalua-
tion of best evidence and/or consensus, preservation of 
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flexibility, and continuous quality improvement (CQI). 
Factors necessary to implement protocols are also dis-
cussed. This process begins with identifying priorities 
and setting goals and culminates with the ability to revise 
protocols continuously as new evidence builds. To illus-
trate these important concepts, three protocols used by 
many ICUs are reviewed. In the last section, the future 
of medicine extensively based on protocols is discussed, 
including the role of computer-driven decision mod-
els with closed-loop feedback and handheld computers. 
Additionally, areas of critical care medicine that likely 
will become based on protocols are described. However, 
protocol development and implementation, for all its 
intricacies and details, need the help, understanding, and 
sense of ownership of a large multidisciplinary team to be 
successful. Finally, examples of how groups have success-
fully integrated protocols into complex and sophisticated 
computerized decision support tools are described.

RATIONALE FOR PROTOCOL 
DEVELOPMENT

Critical care protocols or clinical practice guidelines 
(CPGs) evolved from the need to reduce practice vari-
ability while improving the quality of care and patient 
outcome by using the best available evidence. A 1994 edi-
torial in the British Medical Journal predicted: “‘Evidence 
based medicine’ is a phrase that is currently familiar to 
only a few doctors, but all will know it by the millen-
nium.”11 Although this forecast was accurate, the mag-
nitude of patient care paradigm shift was not expected. 
Rather than treating patients based on empiric evidence 
or anecdote, today’s intensivists must consider a plethora 
of objective data from which they must determine what 
will work best for their particular patient or population. 
The quality of this objective data and the robustness of 
statistical analysis continue to improve. Although many 
current protocols are based on data from multiple ran-
domized controlled trials (RCTs), more than half of the 
clinical guidelines published before the year 2000 were 
based on no RCT evidence.12

Large numbers of interventions in critical care clearly 
improve morbidity and mortality while at the same time 
decreasing costs.13-18 Despite this, a disparity continues to 
exist between best evidence and best practice.19,20 As new 
evidence accrues, how should new data be analyzed and 
implemented? Using a uniform approach for each piece of 
evidence has advantages and disadvantages (Table 102-1).21 
Protocol or guideline development should explicitly state 
what, if any, objective grading system was used to catego-
rize and classify the data.

The fundamentals of CPG development include (1) 
improving patient outcome, (2) establishing standards of 
care (either institutionally or within a specialty), and (3) 
changing practice patterns.22 Although these points pro-
vide a rationale for CPGs, the primary goal of any new 
protocol is to enhance the quality of care. What is the def-
inition of quality? The Institute of Medicine’s definition 
is “the degree to which health services for individuals 
and populations increase the likelihood of desired health 
outcomes and are consistent with current professional 
pter 102: Critical Care Protocols and Decision Support 3055

knowledge.”10,23 The term continuous quality improvement 
(CQI) originated in the business realm and was coined 
by W. Edward Deming. Deming was a trained statisti-
cian but is best known for the positive impact he had on 
production in the United States during World War II. He 
taught management executives how to improve design 
and product quality through objective evaluation, test-
ing, and reevaluation. CQI contrasts with the traditional, 
reactive, root-cause analysis, which focuses on recogniz-
ing a problem and then identifying a “seminal event” (or 
events) causally related to this event. In CQI, all facets 
of the critical care setting are evaluated and considered 
potential targets for improvement initiatives.24,25 Once 
an initiative is identified, a system is devised to measure 
the efficacy or outcome of a particular intervention.26 
This change is then continuously reevaluated and modi-
fied by an internal evaluation system.27 Depending on 
the goals of a particular critical care unit, interventions 
can be targeted appropriately.

Selecting a particular goal for quality improvement 
should be done very carefully. An inappropriate goal 
could lead to incorrect conclusions and thus unsuitable 
interventions. One example may be a goal of “decreas-
ing the rate of readmission to the ICU.” Although 
patients who are readmitted to the ICU have significantly 
increased mortality and length of stay, readmissions may 
represent a quality issue in the post-ICU setting or may 
represent an epiphenomenon associated with severity of 
illness.24,28-31 Quality goals should extend beyond mor-
bidity and mortality. A “change in process” goal may be 
equally important, such as use of aspirin or β-adrenergic 
blockers in patients with acute coronary syndrome. Simi-
larly, “perceptions of care” goals (e.g., patient satisfaction, 
pain relief, nausea) require the same process of reevalua-
tion as any other outcome.32 Interventions and quality 
measures that, based on the literature, improved patient 
outcome have been defined.14 Quality measures that are 

TABLE 102-1 ADVANTAGES AND DISADVANTAGES 
OF USING THE SAME SYSTEM FOR GRADING 
EVIDENCE TO IMPLEMENT ICU PROTOCOLS 

Advantages Disadvantages

Having different systems 
for evaluation of various 
interventions may be 
confusing

Individuals with vested 
interests have less chance 
to bias results by selecting a 
particular grading scheme

Limitations of the evidence 
become more apparent 
when comparing two 
disparate conclusions with a 
similar grading scheme

Better research can be 
generated as a result of 
identifying gaps in evidence

Interventions that cannot be 
studied with randomized 
trials may not be evaluated 
or may lead to a false-
negative conclusion

A single system that can 
adequately grade evidence 
across a broad range of 
interventions may be overly 
complex

Adapted from Schunemann HJ, Fretheim A, Oxman AD: Improving the use 
of research evidence in guideline development: 9. Grading evidence and 
recommendations, Health Res Policy Syst 4:21, 2006.
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valuable (based on effect, feasibility, and strength of evi-
dence) included the following:

 1.  Percentage of patients with ventilator-associated 
complications

 2.  Percentage of patients with resistant infections
 3.  Percentage of patients with central venous catheter 

infections
 4.  Number of complications per patient
 5.  Average days of mechanical ventilation
 6.  Rate of gastrointestinal bleeding
 7.  Average ICU length of stay
 8.  Patient satisfaction
  

Once a protocol has met the standard of “quality,” it 
then needs to be analyzed for efficiency and cost. Effi-
ciency refers not only to the ease of implementation but 
also to its overall financial impact and timing of the inter-
vention. Additionally, efficient protocols reduce man-
agement variability and, likely, errors and save lives.6,33 
Although protocol development is founded on evidence-
based practice, at a local level it is a trial-and-error pro-
cess. Systems theory provides us with many of the crucial 
aspects inherent in protocol design and necessary to 
maximize practicality.34,35 Testing a new process and 
then evaluating the impact on the overall system were 
first described by Walter Shewhart, founding theorist of 
the field of statistical process control. Shewhart described 
a form of learning through action termed the Plan-Do-
Study-Act (PSA) cycle.36 One of the best examples of using 
the PSA cycle to implement a change in practice comes 
from work done by the Northern New England Cardio-
vascular Disease Study Group in 1996.37 By continuously 
reevaluating variations in practice and morbidity and 
mortality from large databases, members of the group 
were able to develop protocols for such practices as anes-
thesia, hemostasis, and cardiopulmonary bypass pump 
management, thus achieving a 24% reduction in mortal-
ity from coronary artery bypass graft surgery within the 
region.

Paradoxically, protocol development and implementa-
tion negatively affect other expensive therapies, resulting 
in overall inefficiencies. An example is ICU protocols that 
were designed to optimize sedation and analgesia efficacy. 
Although the initial goals of anxiolysis and pain relief 
were attained, adverse effects include prolonged mechan-
ical ventilation, increased risk of nosocomial pneumonia, 
and hemodynamic instability.38,39 The final aspect of 
protocol efficiency is the timing of intervention. Ill-timed 
implementation of evidence-based practices is ineffec-
tive and possibly harmful. An example includes protocols 
designed to treat severe sepsis aggressively in the emer-
gency department.40 The execution of these practices late 
in the disease process (even by 1 day) actually increases 
mortality.41 Thus, a protocol designed to treat a disease 
without identifying and addressing at-risk populations 
and diagnosis is wasteful and potentially unsafe.

Finally, protocols facilitate rigorous clinical research. 
Without standards, definitions, defined pathways, and 
explicit interventions, the interpretation of research find-
ings, whether prospective randomized or observational, 
will enhance clinical equipoise. Protocols define a stan-
dard that attempts to control for confounding variables. 
As protocols are tested and replicated, new research 
is being generated. A wealth of RCTs demonstrates 
improved outcomes with protocol implementation.42-46 
For meaningful advances in critical care, protocols must 
continually embrace new findings, and intensivists must 
be willing to adhere to guidelines. However, the appli-
cability of a particular guideline or protocol is based on 
the population studied and needs careful analysis when 
considered for a different population.

PROTOCOL DESIGN

Protocol design usually requires a multidisciplinary 
team.46,47 However, the process mandates identification 
of the affected variables, grading the data, a method 
for continual reevaluation, and inherent flexibility 
(Box 102-1). Affected variables are factors that will be 
affected indirectly (positively or negatively) by the pro-
posed protocol. An example is a sedation-anxiolysis 
protocol that does not take into account the duration 
of mechanical ventilation, the incidence of nosoco-
mial pneumonia, nausea, vomiting, and other vari-
ables. Affected variables are byproducts of a purposeful 
change in practice. The variables can be universal, as 
in the previous example, or institutional. A ventilator 
weaning protocol may look appropriate on paper but 
may be unrealistic, depending on the local staffing para-
digm of respiratory therapists at a particular institution. 
Similarly, an ICU glycemic control protocol may work 
at one institution but not be as effective in another or 
may even be deleterious.48,49

Evaluating and grading the literature must be based 
on the variables measured in a study. Moreover, “best 
evidence” must consider the patient population to be 
relevant to protocol design. Inclusion and exclusion cri-
teria must be understood, as well as the prevalence and 

Establishing thE ProcEss

Prioritize problems
Select a panel
Declare conflicts of interest
Agree on processes

PrEParatory stEPs

Perform a systematic review of the problem
Define outcomes of interest
Prepare evidence for outcomes

grading Quality of EvidEncE and strEngth of rEcommEndations

Define the quality of evidence for each outcome
Define the relative importance of outcomes
Judge the overall quality across all pieces of evidence
Balance benefit and harm
Balance net benefits and costs
Determine the strength of the recommendation

subsEQuEnt stEPs

Implementation and evaluation

BOX 102-1 Process for Developing Guidelines

From GRADE Working Group: Grading quality of evidence and strength of 
recommendations, BMJ 328:1490, 2004.
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incidence of disease in a particular study. Only after 
critically analyzing studies in this fashion can practitio-
ners begin to grade the quality of evidence. Quality of 
evidence traditionally refers to four components: study 
design, study quality, consistency, and directness.50

Study design refers to the basic format and aim of an 
investigation. Case-control studies, cohort studies, and 
RCTs are all examples of study designs. The aim of case-
control and cohort studies is to establish an association 
between some potential risk factor (e.g., hyperglycemia) 
and morbidity (e.g., infection) or mortality. Whereas 
cohort studies can be either retrospective or prospective, 
case-control studies are, by definition, retrospective. RCTs 
are prospective and aim to identify causality rather than 
association. For various reasons, RCTs are considered the 
most decisive tests and are frequently deemed defini-
tive.51 However, RCTs are often not feasible and, particu-
larly with regard to rare diseases or outcomes, may not 
pter 102: Critical Care Protocols and Decision Support 3057

be as applicable as observational studies. Many investiga-
tors have, in fact, challenged the traditional hierarchic 
study design paradigm that places RCTs at the top and 
expert opinion and anecdote at the bottom.52,53 Regard-
less, study design must be evaluated and graded based on 
the merit it holds for a specific population and a particu-
lar outcome.

Study quality is altogether different from the “quality” 
referred to earlier. Study quality refers to the methodol-
ogy and study implementation. Adequacy of blinding, 
method of randomization, selection of placebo, statisti-
cal analysis, and reduction of bias are all examples of fac-
tors to be scrutinized when evaluating study quality. The 
revised CONSORT statement provides a useful template 
with which study quality indicators can be measured 
(Table 102-2).54 The ability to discern adequacy of quality 
is neither precise nor consistent among reviewers.55 This 
fact has culminated in a collaborative effort to address 
TABLE 102-2 ITEMS TO CONSIDER IN EVALUATING STUDY QUALITY 

Section or Topic Descriptor

Title and abstract How participants were allocated to interventions
Introduction and background Scientific background and explanation of rationale
Methods
 Participants Eligibility criteria for participants and the settings and locations where the data were collected
 Interventions Precise details of the interventions intended for each group and how and when they were actually 

administered
 Objectives Specific objectives and hypotheses
 Outcomes Clearly defined primary and secondary outcome measures and, when applicable, any methods used to 

enhance the quality of measurements
 Sample size How sample size was determined and, when applicable, explanation of any interim analyses and stopping 

rules
Randomization
 Sequence generation Method used to generate the random allocation sequence, including details of any restriction (e.g., 

blocking, stratification)
 Allocation concealment Method used to implement the random allocation sequence clarifying whether the sequence was 

concealed until interventions were assigned
 Implementation Who generated the allocation sequence, who enrolled participants, and who assigned participants to 

their groups
 Blinding (masking) Whether or not participants, those administering the interventions, and those assessing the outcomes 

were blinded to group assignment; if done, how the success of blinding was evaluated
 Statistical methods Statistical methods used to compare groups for primary outcome(s); methods for additional analyses, 

such as subgroup analyses and adjusted analyses
Results
 Participant flow Flow of participants through each stage; specifically, for each group reporting the numbers of participants 

randomly assigned, receiving intended treatment, completing the study protocol, and analyzed for the 
primary outcome

 Recruitment Dates defining the periods of recruitment and follow-up
 Baseline data Baseline demographic and clinical characteristics of each group
 Numbers analyzed Number of participants in each group included in each analysis and whether the analysis was by 

“intention-to-treat”
 Outcomes and estimation For each primary and secondary outcome, a summary of results for each group and the estimated effect 

size and its precision (e.g., 95% confidence interval)
 Ancillary analyses Addressing of multiplicity by reporting any other analyses performed, including subgroup analyses and 

adjusted analyses, indicating those prespecified and those exploratory.
 Adverse events All important adverse events or side effects in each intervention group
Comment
 Interpretation Interpretation of the results, taking into account study hypotheses, sources of potential bias or 

imprecision, and the dangers associated with multiplicity of analyses and outcomes
 Generalizability Generalizability (external validity) of the study findings
 Overall evidence General interpretation of the results in the context of current evidence

From Moher D, Schulz KF, Altman D: The CONSORT statement: revised recommendations for improving the quality of reports of parallel-group randomized trials, 
JAMA 285:1987-1991, 2001.
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these shortcomings and develop a process whereby 
intraobserver and interobserver variability in evaluation 
and grading of study quality is reduced.56 Furthermore, 
study quality does not necessarily equate with superiority 
of study design. RCTs, for example, are not necessarily of 
highest quality and can have significant inherent bias.57,58 
Bias is difficult to eliminate completely, but it must be suf-
ficiently reduced for a study to be of high quality. Jadad 
and colleagues defined study quality as “the likelihood of 
the trial design to generate unbiased results.”59 However, 
as Verhagen and associates indicate, although the reduc-
tion of bias enhances the internal validity of a study, 
study quality must take into account a study’s external 
validity.60 That is, consideration of the applicability and 
consequence of a study’s result to the population as a 
whole must be deemed a variable when measuring qual-
ity. External validity can be ascertained by examining the 
consistency and directness of an investigation.

Consistency refers to the reproducibility of results 
among different investigators. Consistency in the mag-
nitude of effect, the direction of effect, and the statisti-
cal and clinical significance of a particular effect must be 
considered. Major inconsistencies among similar popula-
tions decrease the quality of evidence and generalizability 
for a particular outcome and should be considered when 
grading evidence for protocol implementation. Hetero-
geneity is a statistical term used to measure consistency 
among studies and is frequently used in meta-analyses. 
Traditionally, Cochran’s Q statistic has been calculated 
by summing the squared deviations of each study’s esti-
mate from the overall meta-analytic estimate.61 However, 
because this test is poor at detecting significant hetero-
geneity when the number of studies is small, Higgins 
and colleagues devised a more widely applicable test sta-
tistic, I2, that describes the percentage of total variation 
across studies that is the result of heterogeneity rather 
than chance alone.62,63 Values of I2 range from 0% (no 
observed heterogeneity) to 100%. Consideration of this 
value must be taken into account when designing evi-
dence-based protocols (see also Chapter 111).

Finally, the directness of a study more specifically 
addresses the generalizability and applicability aspect of 
external validity. Does the reduction of mortality seen in 
a single-center translate into reduced mortality for all sur-
gical ICU patients, or do the results merely represent the 
consequences of improved patient care at a single institu-
tion? The same can be said of high-volume hemofiltra-
tion studies and the incidence of sepsis. It has been said 
that, “most patients to whom we would like to general-
ize the results of randomized trials would, for one reason 
or another, not have been enrolled in the most relevant 
study.”64 Despite this sentiment, the data are what the data 
are, and it is imperative that methods be used such as 
evaluation of directness to make decisions.65 Evaluation 
of patient population, diagnostic criteria, and surrogate 
outcomes all must be scrutinized before application of 
principles or implementation of protocols based on such 
evidence.66

Protocol design must, in some fashion, address each 
of the foregoing areas and rank them based on impor-
tance of outcome, severity of illness, risks and benefits 
of implementation, and cost. Although difficult, the 
literature must be graded. A review of more than 100 of 
these systems found no single best scheme; rather, appli-
cation of the process of evidence assessment was what was 
most important.67

PROTOCOL IMPLEMENTATION

Designing a critical care protocol and implementing a 
change in practice are very different. Design is based on 
data review, judgment of applicability, and ranking the 
strength of evidence, as reviewed previously. Implemen-
tation, however, necessitates communication and collab-
oration among various members of the ICU team. Some 
of the more important concepts to be addressed before 
implementing a new protocol include education, defini-
tion of targets and goals, data collection, analysis of vari-
ance, and measurement of impact.

Thoughtful selection of a multidisciplinary task force 
to evaluate strategies for critical care protocol develop-
ment and implementation is very important. Most often, 
such groups include both physician and nursing leader-
ship, as well as selected ancillary professionals (depend-
ing on the protocol), such as respiratory therapists, 
nutritionists, pharmacists, or physical therapists. Par-
ticular to the surgical ICU, physician leadership should 
involve members from both the critical care and primary 
surgical team.

Passive educational approaches such as didactics and 
dissemination of protocols have generally been ineffective 
implementation strategies.68-70 Changes in physicians’ 
behavior require outreach, dialogue, and discussion. Pro-
tocols that are integrated within a computerized algo-
rithm, such that warnings, reminders, and suggestions 
are generated when appropriate, have been shown to be 
useful.69 Education must address key points such as the 
evidence supporting a change in practice, the advantage 
of a new practice paradigm, and the compatibility of a 
novel protocol to the existing practice.

Targets and goals are usually related, although they 
are defined differently. Targets are frequently measured 
as continuous data points and often set a limit, outside 
which patients are not considered to be “within proto-
col.” Goals define a realistic outcome presumably obtain-
able if targets are met. Examples of targets are maintaining 
glucose levels at 150 mg/dL or lower, elevating the head 
of the bed 30 degrees or more, administering antibiotics 
within 3 hours of presentation, and maintaining inspira-
tory plateau pressures at less than 30 cm H2O for mechan-
ically ventilated patients (see also Chapter 103). Examples 
of goals are decreasing the sternal wound infection rate, 
decreasing ventilator-associated pneumonia, decreasing 
progression of sepsis to septic shock, and decreasing ven-
tilator-associated lung injury. Targets and goals must be 
defined at the outset so that analysis of protocol compli-
ance and effect can be objectively measured.

INTENSIVE CARE UNIT PROTOCOLS

The focus of this section is on three protocols currently 
used in critical care units. The purpose is not to define a 
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particular care algorithm but rather to illustrate the pro-
cess that various groups have gone through to devise best 
care practices. Each topic presented demonstrates a differ-
ent facet of protocol development and implementation.

GLYCEMIC CONTROL

Since the publication of the landmark “Leuven” study, 
literally hundreds of protocols implementing tight gly-
cemic control (TGC) have been published (see Chap-
ter 39).15 Furthermore, this single study changed the 
pter 102: Critical Care Protocols and Decision Support 3059

standard of care in surgical ICUs, and TGC was quickly 
adopted by various professional societies.71,72 How best 
to achieve euglycemia has been the real debate, and 
groups must identify, within their own infrastructure, a 
protocol that will work for them. An illustrative example 
of rational protocol design can be seen with the Stam-
ford Hospital experience (Fig. 102-1).73 Although the 
actual protocol devised by this group may be different 
from others, the process of design and the steps taken 
should serve as a model for those wishing to do similar 
work. The problem (i.e., “hyperglycemia is associated 
Figure 102-1. Example of ratio-
nal protocol design. AC, Before 
meals; BMP, basic metabolic panel; 
D5W, dextrose 5% in water; FSG, 
fasting serum glucose; ICU, inten-
sive care unit; NPO, nothing by 
mouth; PO, oral; qhs, at bedtime; 
TPN, total parenteral nutrition. 
(From Krinsley JS: Effect of an inten-
sive glucose management protocol 
on the mortality of critically ill adult 
patients, Mayo Clin Proc 79:992-
1000, 2004.)

Approved by the ICU Committee 2/01/03
Last modified by the ICU Multidisciplinary Committee 9/26/03

ICU Protocol for Glycemic Management

Rationale
Hyperglycemia is strongly associated with increased hospital mortality as well as organ system 
dysfunction among critically ill patients.

Goal
The goal of this protocol is to maintain serum glucose �140 mg/dL

Monitoring
Glucose levels will be evaluated by blood testing or fingerstick testing, using the following schedules.

Diet Frequency of monitoring

NPO Q8 hours: 6AM, noon, 6PM, midnight

PO diet 1 hour AC and QHS

Tube feedings, TPN Q6 hours: 6AM, noon, 6PM, midnight

Glucose value Action (subcutaneous insulin dose)
�140 No treatment
140–169 3 units Regular insulin, Recheck glucose value in 3 hours
170–199 4 units Regular insulin, Recheck glucose value in 3 hours
200–249 6 units Regular insulin, Recheck glucose value in 3 hours
250–299 8 units Regular insulin, Recheck glucose value in 3 hours
300� 10 units Regular insulin, Recheck glucose value in 3 hours

Glucose value Insulin dose
200–249 4 units/hour
250–299 6 units/hour
300–399 8 units/hour
400� 10 units/hour

For most patients, the 6AM glucose evaluation will be obtained from the morning BMP. If glucose �140
for two consecutive days without treatment, glucose levels can be checked Q12 hours (6AM, 8PM).

*If glucose value exceeds 200 on two successive measurements, a continuous insulin infusion will be initiated. 
Hourly FSG or blood glucose measurements will be obtained in all patients receiving insulin infusions. The sliding 
scale noted above is a guideline: it can be modified if the patient requires more or less intensive therapy.

Treatment of Hyperglycemia

Management of Insulin Infusion
1.  Initial infusion rate

Glucose value Insulin dose
�140 Stop infusion or continue low dose to avoid “rebound”
140–169 2 units/hour
170–199 3 units/hour
200–249 6 units/hour
350–399 8 units/hour
400� 10 units/hour

2.  Subsequent management, based on hourly glucose checks

Important points
*All patients receiving continuous insulin must 
receive a continuous source of glucose either via IV 
(D5W or TPN), or enteral feeds.

*The insulin infusion is discontinued if the patient 
has to leave the ICU for a diagnostic test as well as 
upon discharge from the ICU.

If this treatment plan does not lead to a decrease in the patient’s glucose values, contact the house officer.
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with increased hospital mortality”) was stated at the 
outset. A review of the pertinent literature was under-
taken, and the problem was confirmed. A system was 
put in place to accurately quantify the problem at their 
institution, measure pertinent variables, and evaluate 
outcome. A multidisciplinary team undertook the task 
of devising a protocol to rectify the problem. Finally, 
successful implementation of the protocol was estab-
lished, and statistical analysis was performed to validate 
the impact of the protocol.

TRANSFUSION

As many as one third of patients admitted to an ICU in 
the United States will receive a blood transfusion (see 
also Chapter 61).74,75 Although the etiology of anemia 
in critical care patients is certainly multifactorial and not 
always obvious, the implications of treatment are becom-
ing evident.76-78 The risk of transfusion-related infections 
has markedly decreased but remains. Unfortunately, 
many noninfectious complications are associated with 
allogeneic transfusions, including acute lung injury and 
immunomodulation.79-81 So what should the transfusion 
trigger be?

The best evidence regarding the efficacy of red blood 
cell transfusion in critically ill patients comes from the 
Canadian Critical Care Trials Group.42 Patients who 
were managed with a restrictive transfusion strategy 
(maintenance of hemoglobin at 7.0 to 9.0 g/dL, with a 
transfusion trigger of 7.0 g/dL) had equivalent outcomes 
(with a trend toward improved outcome) compared 
with patients managed with a liberal transfusion strat-
egy (maintenance of hemoglobin at 10 to 12 g/dL, with 
a transfusion trigger of 10 g/dL). Since that time, two 
large, multicenter studies have evaluated the practice of 
transfusion. The ABC (Anemia and Blood transfusion in 
Critically ill patients) trial explored the risks and benefits 
of transfusions in a large European population.82 The 
authors were able to show a positive correlation between 
receipt of any blood transfusion and 28-day mortality 
(22.7% versus 17.1%, P = 0.02). Furthermore, the mortal-
ity risk increased in a dose-related fashion with increased 
transfusions. A second study, the CRIT trial, performed 
a similar analysis in the United States.75 Again, transfu-
sion was independently associated with mortality, and 
increased blood cell transfusion was associated with 
increased mortality.

Implementation of a transfusion protocol, however, 
requires an understanding of the literature. As reviewed 
earlier, implementation necessitates an understanding of 
infrastructure, organization of a multidisciplinary team, 
a systematic grading of the literature, and a means to 
measure effect and variability in practice. A comprehen-
sive blood conservation strategy needs to be understood 
and developed. The net effect of protocol implementa-
tion may be inconsequential if confounding variables 
are not addressed. Such variables affecting the risk of 
transfusion include, but are not limited to, the follow-
ing: contribution of phlebotomy,77,83 inadequate salvage 
techniques,84,85 and inattentiveness to proper pharma-
cologic hemostatic agents86 (see also Chapters 61 to 63). 
One of the most cohesive and logical plans to address this 
topic has been published and should be used as a model 
for proper protocol implementation.87

VENTILATOR WEANING

Few process-based interventions in the ICU have been 
more rigorously studied than weaning from mechanical 
ventilation (see Chapters 101 and 103). Indeed, protocols 
in this area have been tested and validated, culminating in 
evidence-based guidelines.88-93 Given the plethora of data, 
including three large RCTs that have demonstrated reduc-
tion in duration of mechanical ventilation, intensivists 
should have a protocol in place to address this issue.45,94,95 
The reason ventilator weaning protocols are highlighted 
here, however, is that they illustrate a critical point to under-
stand when designing protocols: regardless of the design 
and the involvement of personnel, an ICU protocol will 
ultimately fail if confounding factors are not addressed and 
included within the protocol. With regard to mechanical 
ventilation in the ICU, two confounding factors are sedation 
and analgesia. Without some interface between the timing 
of ventilator weaning and the interruption of sedation, the 
compliance and success of the protocol are in jeopardy.44,96

THE FUTURE OF MEDICINE BASED  
ON PROTOCOLS

A frequent barrier to implementation of established pro-
tocols is practitioner compliance. Anecdotal experience is 
often the enemy of evidence-based practice. The decision-
making process is increasingly relegated to appropriately 
designed computers and handheld devices.91,97-100 More 
important, however, will be physicians’ understanding of 
current technology and of recent literature, an apprecia-
tion of the limitations of these resources, and the ability 
to review these elements and outcomes cohesively and 
continuously in a pragmatic manner aimed at developing 
best practice guidelines.101 Several groups have already 
initiated such reviews in areas such as traumatic brain 
injury,102 nutritional support,103 glycemic control,104 
and sedation and analgesia.105 Has intensive care medi-
cine become too complex to rely on a physician’s ability 
to sort through and interpret the thousands of pieces of 
information that must be addressed each day?

Although protocols inevitably decrease the variability 
in practice, they do not address the multifaceted approach 
to ICU care. Some investigators have advocated system-
atic development of checklists to remind team members 
of the multitude of goals for every patient, rather than 
increased protocol generation. An example is the FAST 
HUG mnemonic developed by Vincent106:

F: Feeding
A: Analgesia
S: Sedation
T: Thromboprophylaxis
H: Head of bed elevation
U: Ulcer prophylaxis
G: Glycemic control
  

Each component of the mnemonic should be addressed 
with each patient, every day. Whereas protocols may 
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pertain and be applicable to any of the systems, the 
checklist helps prevent intensivists from oversight.

COMPUTERIZED CLINICAL DECISION 
SUPPORT

Although the concept of clinical decision support (CDS) 
has been around for decades, practical application of such 
algorithms using established protocols have only more 
recently been implemented.107,108 Any robust system for 
clinical support must rely on frequent data input from 
multiple sources. When processed appropriately, these 
data can be used to assess previous responses to therapy 
or intervention and adjust the care being delivered. This 
ability to detect, respond, detect a change, and respond 
proportionally is the key to a successful closed-loop sys-
tem.109-111 Thus, computerized protocols must be adap-
tive and be able to integrate new data while the system 
(patient) is changing. With proper oversight, such algo-
rithms have the potential to be more efficacious than a 
protocol-driven clinician.112 Further research is needed to 
better assess the breadth of applicability for such applied 
science, but advances in technology are certain to make 
this a tool that will be used more frequently.

CONCLUSION

Protocol development and implementation comprise a 
complex and labor-intensive process. A multidisciplinary 
team is required and a specific educational plan is nec-
essary to implement all facets of a protocol properly. 
Although evidence-based medicine is at the heart of the 
process and a detailed analysis of the literature is required, 
clinical acumen and anecdotes need not be ignored. 
Protocols are designed for the masses, and they require 
a thoughtful and educated intensivist to identify those 
patients for whom particular protocols may not be appli-
cable. Protocols also allow for standardization of research 
protocols and minimization of confounding variables. 
The ability to measure the effect of a particular protocol 
and adapt appropriately is the key to successful protocol 
application. The future of critical care will certainly see an 
increase in the number of protocols based on quality evi-
dence. These protocols will likely interface with various 
computers and handheld devices to help ensure compli-
ance and more easily interpret the flood of information 
obtained on a daily basis. Intensivists will need to learn 
which patients are appropriate for such interventions 
and, with the help of checklists, ensure comprehensive 
patient care.
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Respiratory Care
SALVATORE GRASSO • LUCIANA MASCIA • V. MARCO RANIERI

K e y  P o i n t s

 •  Intermittent positive-pressure mechanical ventilation is the gold standard for 
assisting patients with acute respiratory failure. Positive end-expiratory pressure 
(PEEP) is the positive pressure applied at the end of expiration during positive-
pressure mechanical ventilation. A constant level of positive pressure applied to a 
spontaneous breathing cycle is termed continuous positive airway pressure (CPAP).

 •  Modes of mechanical ventilation can be classified as totally or partially ventilator 
controlled.

 •  Although positive-pressure mechanical ventilation is usually applied through an 
endotracheal tube or a tracheotomy, it also may be delivered noninvasively to the 
patient’s mouth, nose, or through helmets.

 •  External gas exchangers to totally or partially bypass the lung (extracorporeal 
support) can be used for the most severe forms of respiratory failure that are 
refractory to conventional mechanical ventilation).

 •  Acute respiratory distress syndrome (ARDS) is an inflammatory response of the 
lung with acute onset and presence of bilateral infiltrates on chest radiography. 
ARDS is characterized by a reduction in functional residual capacity and static 
compliance. The correct setting of mechanical ventilation in ARDS is of paramount 
importance to minimize ventilator-induced lung injury.
The target of ventilation is to generate flow and volume to 
provide adequate alveolar ventilation with the minimal 
work of breathing (WOB). Contraction of the respiratory 
muscles provides the “power” required for ventilation. 
The phrenic nerve regulates the timing and intensity of 
this power, integrating inputs from chemoreceptors, pul-
monary stretching receptors, and variations in metabolic 
demands. During spontaneous breathing the respiratory 
muscles generate a pressure (3) that produces flow against 
the resistive and volume against the elastic properties 
of the respiratory system. Under these circumstances, 
at any instant, the act of spontaneous breathing can be 
described as follows:

 Pmus = Pres + Pel (1)

where Pres represents the resistive pressure and is a func-
tion of flow and respiratory system resistances (Pres = flow 
× resistance) and Pel represents the elastic recoil pressure 
and is a function of volume and elastance of respiratory 
system (Pel = volume × elastance). Assuming that resis-
tance and elastance are linear, Equation 1 becomes:

 Pmus = (flow × resistance) + (volume × elastance) (2)

Acute respiratory failure requiring ventilatory sup-
port occurs if a pathologic process or a pharmacologic 
intervention (1) impairs the capacity of the respiratory 
muscles to generate sufficient Pmus, (2) increases the ven-
tilatory requirements above the muscle capacity, or (3) 
increases the workload associated with the act of breathing. 
Application of positive pressure (i.e., a pressure higher than 
the atmospheric pressure) to a patient’s airway opening 
during the inspiratory phase is currently the main method 
to administer assisted breathing and restore adequate ven-
tilation. The resulting pressure gradient between a patient’s 
airway opening and alveoli generates a positive flow (i.e., 
directed from the ventilator to the patient). The expiratory 
phase, which is passive, depends on the end-inspiratory 
pressure gradient between alveolar pressure (which is posi-
tive because of the elastic recoil pressure stored during the 
inspiratory phase into the respiratory system) and airway 
opening pressure. Under these circumstances, the pressure 
applied at the airway opening of the patient (Pao) includes 
the pressure generated by the ventilator (Pappl) plus the 
pressure generated by the contraction of the respiratory 
muscles according to the following equation:

 Pmus + Pappl = (flow × resistance) + (volume × elastance) 
(3)

The capability of restoring gas exchange, unloading 
respiratory muscles, and relieving dyspnea depend on the 
3063
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match between the ventilatory setting and the ventila-
tory demand—that is, on the patient-ventilator interac-
tions.1 Depending on the relative amount of Pmus and 
Pappl, modes of mechanical ventilation can be classified 
as totally or partially ventilator controlled.
  

 •  Total ventilator-controlled ventilatory support: A 
patient’s own breathing pattern is totally replaced 
by the ventilator, and Pmus is abolished by sedation 
(and eventual paralysis of the respiratory muscles) or 
by a pathologic process; the ventilator is responsible 
for generating flow, volume, and pressure, or all of 
these.

 •  Assisted-controlled ventilatory support: The ventilator 
provides a fixed amount of support, in terms of 
assistance and inspiratory time, in response to a 
patient’s inspiratory effort; the patient is allowed to 
trigger the ventilator (assist-control mode).

 •  Assisted ventilatory support: The patient controls 
respiratory rate and receives positive pressure assistance 
to spontaneous breathing effort. Ideally the patient 
should maintain full control of the inspiratory time 
and expiratory time. The amount of Pappl assisting 
the spontaneous breathing effort may be fixed or 
proportional to the spontaneous inspiratory effort (i.e., 
to Pmus).

  

SETTINGS OF MECHANICAL VENTILATION

Positive-pressure breaths from the ventilator can be cat-
egorized by three variables: (1) the trigger variable (what 
initiates the breath), (2) the limit variable (the algorithm 
that governs positive pressure delivery), and (3) the 
cycle variable (what terminates the inspiratory phase). 
These variables can be set on the ventilator and serve as 
its interface with the three main physiologic variables 
of the breathing pattern: (1) the ventilatory drive (when 
inspiration begins; (2) the ventilatory requirements 
(how much flow and volume are necessary to satisfy 
the metabolic demands), and (3) the duration and ratio 
of inspiratory time to total breath cycle duration.2 The 
variables that regulate the triggering of ventilation are 
time (during controlled mechanical ventilation) or flow 
and pressure, with the ventilator sensing the patient’s 
inspiratory effort (trigger function, during assisted 
mechanical ventilation modes). Ventilator gas delivery 
can be regulated to deliver a fixed (during controlled 
modes) or variable (during assisted modes) amount of 
flow, volume, or pressure. The ventilator can cycle from 
inspiration to expiration based on a preset time, on 
flow or pressure, or on electrical diaphragmatic activity 
threshold level.

TOTAL VENTILATOR-CONTROLLED 
VENTILATORY SUPPORT (CONTROLLED 
MECHANICAL VENTILATION)

The main characteristic of controlled mechanical 
ventilation is that the variable used by the venti-
lator (and set by the health care provider) to trigger 
and to cycle off the breath is time. The limit variable 
hat governs gas delivery may be flow (flow-limited 
ontrolled mechanical ventilation [CMV]) or pressure 
pressure-limited controlled ventilation [PCV]) (Fig. 
03-1). With the former, the ventilator applies either 
 constant (square) or nonconstant (in the majority 
f cases decelerating) flow to deliver a preset tidal vol-
me (VT). Flow is the independent variable (i.e., the 
entilator maintains the predetermined flow pattern 
egardless of patient impedance) and the airway open-
ng pressure (Pao) profile during inflation depends on 
he mechanical characteristics of the patient’s respira-
ory system. With the latter, the ventilator applies a 
reset positive-pressure level (commonly, square) to 
he patient’s airway opening. Pao is therefore the inde-
endent variable that is held constant by the ventilator 
y instantaneously replacing the volume delivered to 
he patient. VT depends on the inspiratory time and 
n the mechanical characteristics of the respiratory sys-
em. The inspiratory flow starts with a peak followed by 
he exponential flow decay and becomes nil as soon as 
pplied pressure equals alveolar pressure.

The choice between volume-cycled and pressure-
ycled modes is not supported by definitive evidence. 
olume-cycled modes are preferred when it is crucial to 
aintain minute ventilation. This is because VT during 

CV is a dependent variable affected by the interplay 
etween the level of applied pressure, the inspiratory 
ime, and the respiratory system impedance (mainly 
nspiratory system elastance and resistance). On the 
ther hand, physiologic considerations support the 
se of pressure-limited modes to realize a more homo-
eneous distribution of VT within lung parenchyma.3 
athologic conditions often increase lung parenchyma 
nhomogeneity so that lung regions with different 
lastance and resistance (i.e., with different time con-
tants: τ = elastance × resistance) may coexist. From a 
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igure 103-1. Tracings of flow and airway opening pressure (Pao) 
uring the two basic controlled intermittent positive pressure ventila-
ion modes. A, Volume-cycled. B, Pressure-cycled. PEEP, Positive end-
xpiratory pressure.



theoretical point of view, the flow-limited controlled 
mode could induce hyperinflation of regions with lower 
elastance resistance and, at the same time, underinfla-
tion of regions with higher elastance and/or resistance. 
Based on these theoretical assumptions, the pressure-
limited mode should be the preferred ventilator mode in 
patients with inhomogeneous lungs, because this mode 
allows a more homogeneous VT distribution between 
regions with different elastance resistance.

A controlled mode able to share the theoretical advan-
tages of constant pressure with the guarantee of delivering 
a preset VT has been recently introduced in clinical prac-
tice (pressure-regulated volume control, volume plus). 
It consists of a closed-loop algorithm that, based on the 
automatic measurement of static compliance of the respi-
ratory system, continuously adapts the level of applied 
pressure on a breath-by-breath basis to match a target VT.

ASSISTED MECHANICAL VENTILATION

Assisted ventilatory techniques are intended to unload 
the respiratory muscles and relieve dyspnea in patients 
with impaired neuroventilatory coupling. The degree of 
freedom gained by the patient depends on the regulat-
ing algorithm and includes respiratory rate, breathing 
pattern (inspiratory time, expiratory time, duration, 
and ratio of inspiratory time to total breath cycle dura-
tion), and level of assistance. The capability of restor-
ing gas exchange, unloading respiratory muscles, and 
relieving dyspnea with these modes of partial ven-
tilatory support critically depends on the matching 
between the ventilator settings and the patient’s venti-
latory demands.1,2,4

The rationale for preserving diaphragmatic activity in 
critically ill patients is to reduce sedation and paralysis, 
minimize cardiovascular side effects of mechanical ven-
tilation,5 and, most importantly, decrease the disuse dia-
phragm atrophy that arises very quickly with controlled 
modes. Indeed, Levine and associates6 showed that inac-
tivity associated with controlled mechanical ventilation 
results in marked atrophy of diaphragm myofibers within 
18 to 69 hours, likely as a result of inactivity-induced 
diaphragmatic proteolysis. Furthermore, compared with 
controlled modes, partial ventilatory support modes have 
the potential to improve ventilation-perfusion mismatch 
by reaerating dependent lung areas, as a result of aeration 
of dependent lung regions that occurs with contraction 
of the diaphragm.

A potentially severe problem with assisted modes is 
patient-ventilatory asynchrony, mainly documented by 
ineffectual inspiration, double triggering, and a discrep-
ancy between neural and mechanical inspiratory time. 
The Brochard group developed an asynchrony score to 
evaluate assisted mechanical ventilation modes and 
showed that higher scores were associated with wean-
ing delays and higher tracheostomy rates in critically ill 
patients.7

Assist/Control Mechanical Ventilation
The patient is allowed to set the respiratory rate by acti-
vating the inspiratory trigger function (as a safety mea-

sure, if no spontaneous effort occurs, the ventilator will 
Chapter 103: Respiratory Care 3065

deliver controlled breaths at a preselected backup rate). 
The variable used by the ventilator to cycle off the breath 
is time. The limit variable that governs gas delivery is flow 
and volume (assisted/controlled mechanical ventilation 
[A/CMV]) or pressure (assisted pressure-controlled venti-
lation [A/PCV]).

To activate a pressure trigger, the patient decreases 
pressure in the respiratory circuit at a preset threshold 
level, in contrast to the flow-trigger system, in which the 
patient generates a preset amount of inspiratory flow. 
Patient-ventilator synchrony during A/CMV depends on 
the quality of the trigger mechanism (pressure versus flow 
triggers) and on the kind of controlled breath delivered 
(volume-cycled versus pressure-cycled); combining flow 
trigger and A/PCV improves patient-ventilator interac-
tions because of the higher inspiratory peak flow com-
pared with the volume-cycled mode.8

Can A/CMV meet patient inspiratory demand? 
Marini and co-workers9 demonstrated that during 
patient- triggered breaths, effort does not cease with the 
onset of gas delivery and that total inspiratory workload 
may even exceed the work performed during sponta-
neous breathing, particularly in the assist/ controlled 
 constant-flow mode.9 Indeed, once the patient trig-
gers the ventilator, a rapid increase in inspiratory flow 
occurs similar to that during spontaneous breathing. 
The patient then struggles with the constant flow 
applied by the ventilator. In contrast, with the pres-
sure-limited algorithm, the ventilator increases volume 
delivery in response to the patient effort and therefore 
the patient obtains a peak inspiratory flow nearer to his 
or her physiologic needs.10

In conclusion, with assist/control (A/C) the neuroven-
tilatory coupling is not restored. The amount of work per-
formed by the ventilator actually decreases at expense of 
patient effort. In contrast, to restore normal neuroventi-
latory coupling, higher inspiratory efforts should ideally 
be supported by a higher assistance level and vice versa.11 
This ventilatory mode is in general poorly tolerated in 
awake patients. In patients with dynamic hyperinfla-
tion (see later discussion) and increased respiratory drive 
(resulting from fever, hypermetabolic states, and sepsis), 
ongoing air trapping and respiratory alkalosis during  
A/CMV may occur.

Synchronized Intermittent Mandatory 
Ventilation
Synchronized intermittent mandatory ventilation 
(SIMV) allows the patient to breathe spontaneously 
between intermittent mandatory controlled breaths. 
Controlled breaths are delivered in a synchronous man-
ner, in the sense that based on the set mandatory respi-
ratory rate the ventilator software establishes a time 
window in which each mandatory breath can be trig-
gered by the patient’s spontaneous effort. If the patient 
does not exert effort in this time window, the ventilator 
independently delivers the mandatory breath. Depend-
ing on the SIMV modality, controlled breaths may be 
volume-cycled or pressure-cycled. Spontaneous breath-
ing is usually supported by a variable degree of pressure 
support (see later discussion). Varying the rate of man-

datory breaths allows near total ventilatory support or 
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fully spontaneous breathing. Regarding patient-ventila-
tor interactions during mandatory breaths, SIMV shares 
the same limitations as A/CMV.

Pressure Support Ventilation
Pressure-support ventilation (PSV) is the most popular 
partial ventilatory-assist mode for weaning patients from 
controlled ventilatory modes and to provide ventilation 
in patients with acute respiratory failure, provided their 
respiratory drive is preserved.12 During PSV, the patient’s 
spontaneous effort triggers the ventilator and is subse-
quently assisted by a constant positive pressure (Pappl, 
see Equation 3) applied at the airway opening, either 
invasively or noninvasively. VT depends on the interplay 
between Pmus, Pappl, and respiratory system impedance 
(mainly, elastance and resistance) (see Equations 2 and 
3). PSV is intended to unload the respiratory muscles 
and improve the relation between the patient’s effort 
and VT. For a given inspiratory effort, the patient gener-
ates a larger volume than during spontaneous breathing. 
PSV relieves dyspnea in several clinical conditions. How-
ever, with PSV the assistance delivered by the ventila-
tor is not related to the patient’s inspiratory effort and 
consequently neuroventilatory coupling is only partially 
restored.11

Cycling from the inspiratory to the expiratory phase 
in PSV occurs when inspiratory flow rate decreases to 
a preset level. The decay of inspiratory flow is clearly 
a surrogate signal to infer a patient’s neural inspiratory 
time—as soon as the spontaneous inspiratory effort 
ceases, the flow rate will decay to less than the expira-
tory trigger threshold.13 Depending on the ventilator 
software, the “expiratory trigger” sensitivity may be at a 
fixed minimal flow rate or at a fixed percentage of peak 
inspiratory flow. In several intensive care unit (ICU) 
ventilators, the percentage of the peak inspiratory flow 
that triggers expiration (expiratory trigger sensitivity) 
can be adjusted from 5% to 90%. Unfortunately, a delay 
between the end of neural inspiratory effort and the end 
of ventilator assistance usually exists and may cause a 
severe disturbance of patient-ventilator interactions 
resulting in patient-ventilator asynchronies.7 This is par-
ticularly true if the patient has weak inspiratory effort, 
the applied pressure is relatively high in contrast to the 
patient’s effort, or both; under these circumstances, the 
ventilator will prolong its assistance well beyond the 
duration of spontaneous inspiration, generating a severe 
discrepancy between neural and mechanical inspira-
tory time.14 One intervention is matching neural and 
mechanical inspiratory time to minimize asynchronies 
and trying to adjust the expiratory trigger sensitivity. In 
addition, several ventilators allow adjusting the time for 
pressure increase at the beginning of inflation (inspira-
tory pressure slope), thus affecting the peak inspiratory 
flow value.15 Unfortunately, a quantitative estimation of 
the inspiratory effort is not available in the PSV mode. 
Adjustment of expiratory trigger sensitivity is largely 
empirical in clinical practice. Studies show that when 
a patient’s inspiratory effort is nil the respiratory rate 
is slower than 20 breaths/minute and VT is greater than 
8 mL/kg.16 A common clinical approach is to regulate 
ventilatory support to maintain the respiratory rate 
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etween 20 and 35 breaths/minute and VT between 5 
nd 8 mL/kg17; then inspiratory pressure slope and expi-
tory trigger sensitivity can be adjusted to minimize 

atient-ventilator asynchronies.7

roportional Assisted Ventilation
uring proportional assisted ventilation (PAV), the ven-
lator amplifies patient effort in generating pressure in 
roportion to the patient’s generated flow and volume. 
hat is preset is not a target pressure but rather the pro-

ortion between the patient’s inspiratory muscle effort 
nd the ventilator-applied pressure.11,18

To realize proportional assistance, the ventila-
r measures spontaneous patient instantaneous flow 

nd volume by its internal sensors and the clinician 
easures and then sets the values for elastance and 
sistance. Knowing all these variables, the ventilator 

rocessor then estimates instantaneous Pmus (see Equa-
on 2) and assists patient effort in a proportional fash-
n (according to a factor of proportionality set by the 

perator).
In this PAV version, a reliable estimation of elastance 

nd resistance (see Equation 2) is needed. If the estimate 
 correct, the pressure generated by the ventilator will 
e lower than the pressure required to offset the pas-
ve properties of the respiratory system. Both underes-
mation and overestimation of elastance and resistance 
ould critically impair patient-ventilator interactions. If 
lastance and resistance are underestimated, the level of 
ssistance provided by PAV will be insufficient to relieve 
atient dyspnea. In contrast, if elastance and resistance 
re overestimated, a positive feedback develops and the 
entilator continues to deliver flow and volume while 
e patient stops inspiratory effort (the “run-away” 

henomenon).
To overcome the clinical problem of estimating respi-

tory system elastance and resistance in a spontaneously 
reathing patient, the recently proposed PAV plus (PAV+) 
lgorithm allows an automatic and noninvasive mea-
re of elastance and resistance through the ventilator’s 
ternal sensors to continuously adapt the proportional 

ssistance accordingly. The noninvasive assessment of 
spiratory system mechanics is based on the application 

f brief (100 to 300 msec) occlusions on airway opening 
t end inspiration during PAV.19,20

The most evident difference between PAV and PSV is 
 more variable VT over time.21 A sudden hypercapnic 
imulus during PAV triggers a compensatory increase 
 minute ventilation mostly obtained by an increase in 

T, with no change in respiratory rate. On the contrary, 
atients ventilated with PSV react by increasing respi-
tory rate but are unable to significantly increase VT. 
 contrast to PSV, PAV better mimics the physiologic 
sponse to hypercapnia.8 PAV significantly unloads the 
spiratory muscles and improves the breathing pattern 
 patients with chronic obstructive pulmonary disease 
OPD).22

eurally Adjusted Ventilatory Assist
he neutrally adjusted ventilatory assist (NAVA) algo-
thm is based on the measurement of electrical dia-
hragm activity by means of an electrode array inserted 
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Figure 103-2. Neurally adjusted ventilatory assist (NAVA) concept. An electrode array, inserted into a nasogastric tube and placed in the lower 
esophagus, is able to sense the diaphragmatic activity. This signal is used to trigger the ventilator (neural trigger function) and assist the patient’s 
inspiratory effort in proportion to the diaphragmatic electrical activity.
into a nasogastric tube and placed in the lower esopha-
gus. This signal is used both to trigger the ventilator 
(neural trigger) and to deliver assistance in proportion to 
the instantaneous diaphragmatic electrical activity. With 
NAVA, the respiratory drive controls the assisted positive 
breaths in all phases of the ventilation cycle from trigger-
ing to cycling between the inspiratory and the expiratory 
phase (Fig. 103-2) and any change in ventilatory output 
is matched on a breath-by-breath basis. The potential 
physiologic advantages of NAVA to correctly restore the 
neuroventilatory coupling are well established.23,24 Nev-
ertheless, similar to PAV, adequately designed clinical tri-
als showing a significant impact on meaningful clinical 
outcomes (faster weaning, tracheostomy rate, patient ICU 
survival) are not yet available.

During NAVA, the electrical signal of diaphragmatic 
activity drives the ventilator. How should the amount 
of pressure be set to be delivered for each microvolt 
(μV) of diaphragmatic activity? Several methods have 
been proposed: (1) recording the diaphragmatic activ-
ity during PSV and setting NAVA on a virtual basis to 
obtain the same peak pressure read during ongoing 
PSV (NAVA preview system), (2) progressively increas-
ing NAVA assistance to identify a plateau in peak pres-
sure and VT,25 (3) setting the NAVA level to maintain a 
respiratory rate between 20 and 35 breaths/minute and 
VT between 5 and 8 mL/kg (clinical method, in analogy 
with PSV). More clinical studies to clarify this crucial 
issue are required.

Recording the diaphragm electrical activity signal 
offers the unique opportunity of studying patient-ven-
tilator interactions in the different ventilatory modes. 
Diaphragm neuroventilatory efficiency (NVE) can be 
clinically measured as the ratio between spontaneously 
generated VT and peak diaphragm electrical activity level, 
whereas diaphragm neuromuscular efficiency (NME) can 
be measured by the ratio between the negative Pao deflec-
tions during a brief airway opening occlusion period (10 
to 20 seconds) and the corresponding peak diaphragm 
electrical activity level. The NVE and NME measured just 
before an attempt to wean correlates with the chance for 
successful weaning.26

POSITIVE END-EXPIRATORY PRESSURE AND 
CONTINUOUS POSITIVE AIRWAY PRESSURE

Positive end-expiratory pressure (PEEP) is the posi-
tive pressure applied at the end of expiration during 
mechanical ventilation. A constant level of positive pres-
sure applied to a spontaneous breathing cycle is termed 
continuous positive airway pressure (CPAP). Physiologic 
consequences of PEEP and CPAP depend on its effects 
on gas exchange, pulmonary compliance, and systemic 
hemodynamics.
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Effects on Gas Exchange
PEEP/CPAP may improve arterial oxygenation by reex-
panding functionally collapsed alveoli, redistributing 
lung water, and reducing ventilation-perfusion mismatch 
(V̇/Q̇ ), if the lung is recruitable and normal regions of the 
lung exist.

Alveolar recruitment, defined as the amount of nonin-
flated tissue that is reexpanded by a given level of PEEP/
CPAP, results in a more homogeneous distribution of the VT 
and an increase in the functional residual capacity. More-
over, application of PEEP/CPAP leads to the redistribution 
of lung water from the alveolar space to the perivascular 
interstitial space and improves V̇/Q̇  by diverting blood flow 
from shunt regions to normal regions.

These effects strongly depend on whether PEEP/CPAP 
recruits previously collapsed alveoli.27,28 If the applied 
PEEP/CPAP induces alveolar recruitment, a reduction in 
shunt with improvement in oxygenation and reduction 
in dead space is expected. However, if hyperinflation of 
normal alveoli is the predominant effect, an increase in 
Paco2 resulting from an increase in dead space is expected, 
whereas the PaO2 will change slightly, depending on 
whether the applied PEEP/CPAP induced variations in 
cardiac output, because varying cardiac output has per se 
an impact on intrapulmonary shunt.

Effects on Respiratory Mechanics
Compliance of the respiratory system (i.e., VT ÷ Plateau 
pressure − PEEP) represents a good estimate of the elas-
tic properties of the respiratory system. Application of 
PEEP/CPAP may lead to the following effects on lung 
compliance:
  

 •  Increase in compliance, suggesting alveolar recruitment
 •  No change in compliance, indicating that ventilation is 

occurring on the linear portion of the volume-pressure 
relationship of the respiratory system

 •  Decrease in compliance, indicating lung overdistention

Effects on Hemodynamics
The application of PEEP/CPAP may affect hemodynam-
ics through several mechanisms: decreased venous return 
to the right heart, increased right ventricular afterload, 
decreased ventricular compliance, and decreased ventric-
ular contractility.29-31 Overall, the hemodynamic conse-
quences of PEEP/CPAP depend on the prior ventricular 
loading conditions, ventricular function, and the effect 
of PEEP/CPAP on lung mechanics.

In patients with normal cardiac function, the main 
consequence of increased intrathoracic pressure is the 
reduction of venous return and consequently of cardiac 
output. Because the right ventricular preload decreases, 
an adequate circulating blood volume is required before 
application of PEEP/CPAP to prevent depression of right 
ventricular output. In patients with poor left ventricular 
function or congestive heart failure, the increase in intra-
thoracic pressure reduces the left ventricular transmural 
pressure, leading to a reduction in left ventricular after-
load and an improvement in left ventricular function. In 
these patients, cardiac output is relatively insensitive to 
reduction in venous return because diastolic volume is 
increased.32
NONINVASIVE VENTILATION

Mechanical ventilation is usually applied by an endotra-
cheal tube or a tracheotomy. The efficacy of mechanical 
ventilation noninvasively applied to patient’s mouth, 
nose, or both to restore respiratory function is well 
established. The side effects of invasive ventilation are 
then minimized. Noninvasive ventilation is delivered 
almost exclusively through partial ventilatory support 
techniques. Potential advantages of avoiding endo-
tracheal intubation include less patient discomfort, 
reduced need for sedation, and a less frequent incidence 
of ventilator-associated pneumonia and sepsis33 (see 
also Chapter 101). These advantages result in significant 
improvement in outcome variables.34 However, the suc-
cess of noninvasive ventilation critically depends on 
correct patient selection and expertise of the clinical 
team. If a trial of noninvasive ventilation is not success-
ful, patients who then undergo endotracheal intubation 
will experience longer duration of invasive mechanical 
ventilation and longer ICU stay.35

Established indications for noninvasive ventilation are 
acute COPD exacerbation, acute cardiogenic pulmonary 
edema, postoperative respiratory failure, and respiratory 
failure in immunocompromised patients (solid organ 
transplant recipients and bone marrow transplanted) (see 
later discussion).35

In some clinical situations, noninvasive ventilation 
should be applied with caution. A less frequent endo-
tracheal intubation rate and hospital length of stay 
occurred in patients with community-acquired pneu-
monia treated with noninvasive ventilation.36 In experi-
enced centers the application of noninvasive ventilation 
to patients with acute respiratory distress syndrome 
(ARDS) as a first-line intervention avoided endotracheal 
intubation in approximately 54% of cases,37 whereas 
CPAP was not associated with better survival and length 
of hospital stay.38 The use of noninvasive ventilation as 
a means to accelerate weaning from invasive ventilation 
has been the object of extensive, but not conclusive, 
clinical investigations. The use of noninvasive venti-
lation as a weaning technique in patients with COPD 
who are difficult to wean when the standard criteria 
for spontaneous breathing are not met may lengthen 
the duration of mechanical ventilation and increase 
mortality.39,40 Noninvasive ventilation did not prevent 
reintubation of the trachea in patients developing acute 
respiratory failure after extubation.41 Whether noninva-
sive ventilation should be used in patients with acute 
asthma, upper airway obstruction, and trauma is not 
clear (see also Chapters 38 and 81). Other possible fields 
of application are during fiberoptic bronchoscopy in 
hypoxemic or hypercapnic patients42 and as a palliative 
therapy in patients who are not candidates for invasive 
ventilation.43

Two recent publications evaluated the efficacy on 
noninvasive ventilation in two large and distinguished 
hospitals (Massachusetts General Hospital, Boston, Mass., 
and Molinette Hospital, Turin, Italy).44,45 Both studies 
indicated that noninvasive ventilation as part of routine 
standard medical care has limitations. A similar percent-
age of patients with respiratory failure resulting from 



cardiogenic pulmonary edema and COPD exacerbation 
needed subsequent endotracheal intubation. Failure of 
noninvasive ventilation was associated with frequent 
hospital mortality for patients with hypoxemic respira-
tory failure.44,45

Predictors of success for noninvasive ventilation 
include younger age, lower acuity of illness (as quanti-
fied by the Acute Physiology and Chronic Health Evalua-
tion II [APACHE II] or Simplified Acute Physiology Score 
II [SAPS II]), ability of the patient to cooperate, intact 
dentition, technical ability to minimize air leaks, moder-
ate hypercapnia (i.e., between 45 and 90 mm Hg), and 
moderate (i.e., instead of severe) acidosis (i.e., between 
7.35 and 7.10).46 A successful trial of noninvasive venti-
lation should induce a trend toward increase, reduction 
in respiratory rate, and decrease in Paco2 within 30 to 60 
minutes.

The ideal interface for noninvasive ventilation should 
provide optimal patient comfort and minimal air leaks. 
Both masks (oronasal or nasal) and helmets are currently 
available. The oronasal mask induces air leaks in 80% to 
100% of patients, facial skin reddening in 20% to 34%, 
mask intolerance in 8% to 32%, nasal and mouth dry-
ness and nasal congestion in 10% to 20%, nasal bridge 
ulceration in 2% to 31%, eye irritation in 16%, gastric 
distention in 8%, and aspiration in 6%. These side effects 
may be minimized by using the helmet, but this interface 
may induce delay in ventilatory assistance with PSV and 
significant acoustic noise.47

Monitoring patients during noninvasive ventilation 
includes frequent checking of the interface to evalu-
ate carbon dioxide rebreathing, accidental disconnec-
tion from the ventilator, air leaks, skin necrosis, and 
the ability of the patient to clear secretions. Monitor-
ing of physiologic parameters (pulse oximetry, analysis 
of arterial blood gases, exhaled VT, respiratory rate, use 
of accessory respiratory muscles, paradoxical abdomi-
nal motion, gastric distention, heart rate, arterial blood 
pressure) and of subjective variables (mental alertness, 
comfort, dyspnea) is of paramount importance for 
patient safety. Respiratory therapists spent more time 
with patients treated with noninvasive ventilation than 
with patients with endotracheal intubation in the first 
8 hours, but this trend is reverted in the subsequent 8 
hours.48

NONCONVENTIONAL VENTILATORY 
SUPPORT

Modalities of ventilatory support described earlier are 
defined as conventional; they are based on two princi-
ples: a VT larger than the dead space volume and appli-
cation of positive pressure at the airway opening. The 
following section describes modalities of ventilatory sup-
port that are defined as nonconventional because they 
are based on the application of a VT lower than that of 
the dead space volume (high-frequency ventilatory oscil-
lation [HFVO]).

High-Frequency Oscillatory Ventilation
The goal of conventional ventilation with PEEP is to 
keep the lung recruited while the cyclical increase in PAO 
Chapter 103: Respiratory Care 3069

deliver VT. At variance, the HFOV ventilator resembles a 
CPAP device in the sense that it basically applies a con-
tinuous mean airway pressure (PAO,MEAN). Fresh gas (40 
to 60 L/minute) continuously flows into the respiratory 
circuit, and the expiratory valve allows maintaining the 
preset PAO,MEAN level. The substantial difference with 
CPAP is that oscillatory pressure stroke at a very high 
frequency (i.e., between 180 and 900 beats/minute—
i.e., from 5 to 15 Hz) are superimposed on the PAO,MEAN. 
Technically, the high-frequency oscillating ventilators 
are based on an oscillating piston pump that generates 
pulse pressure “strokes” in the CPAP circuit (see Fig. 
103-2, A). Each oscillation produces a sinusoidal cycle 
of pressure with increases and decreases more and less 
than PAO,MEAN (increase as the piston pump goes toward 
the patient, immediately followed by decrease as the 
piston pump draws away from the patient). An impor-
tant issue is that HFOV provides both active inspiration 
(the positive stroke waves) and expiration (the nega-
tive stroke waves). The operator determines the overall 
oscillation amplitude—that is, the pressure amplitude 
(ΔP) that can be regulated up to 70 to 90 cm H2O. 
Of note, the ΔP is read immediately near the piston, 
whereas the pressure transmission to the airway open-
ing (because of the high oscillation rate and the very 
limited piston movement) is greatly attenuated and 
the ΔP in the endotracheal tube and alveoli is greatly 
attenuated (commonly 2 to 4 cm H2O); accordingly, 
the resulting VT is approximately 1 to 2 mL/kg—that is, 
lower than anatomic dead space. The observation that 
delivering pressure stroke waves at very high rates is a 
means of scavenging CO2 from inside the lungs to the 
airway opening in intubated patients derived from a 
serendipitous observation—very fast oscillation applied 
at the airway opening to measure lung mechanics was 
able to scavenge CO2. CO2 removal, during HFOV is 
obtained through mechanisms including (1) direct ven-
tilation of the alveoli located more proximally, (2) air 
movements occurring between nearby lung units with 
different time constants, (3) streaming of inspiratory 
and expiratory flow in diverging alveolar ducts, and (4) 
axial convection and lateral mixing.49 Once scavenged 
from the lungs, CO2 diffuses in the respiratory circuit 
and is eliminated by the bulk of fresh gas continuously 
flowing into the circuit. The main determinants of 
oxygenation during HFOV are PAO,MEAN and FiO2. The 
main determinants of CO2 elimination are the pressure 
amplitude (ΔP), the frequency of pressure oscillations, 
and (to a limited amount) the bias flow; CO2 elimina-
tion can be enhanced by increasing ΔP or by decreasing 
oscillation frequency. Briefly, the higher the Δ pressure, 
the higher is the VT; the higher the CO2 clearance and 
the slower the oscillation rate, the higher are the VT and 
higher CO2 clearance.

In summary, HFVO offers the unique option of ven-
tilating with very low VT at relatively high mean airway 
pressure while maintaining acceptable CO2 clear-
ance. This constitutes an “extreme” lung protective 
approach because VT is minimized and the lung can be 
kept recruited by adequately high distending pressures 
without the risk for hyperinflation that would ensue 
with conventional VT delivery. Traditionally, HFVO 
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has been viewed as a rescue strategy to support patients 
with ARDS requiring very high positive pressure levels 
to maintain alveolar recruitment.50 Thus, it has been 
applied in very sick patients in small studies with rela-
tively increased mortality rates according to the studied 
population. Two recent multicenter randomized large 
clinical studies, the OlmeSartan and Calcium Antago-
nists Randomized (OSCAR)51 and the Oscillation for 
Respiratory Distress Syndrome Treated Early (OSCIL-
LATE)52 trials, the first including 398 patients and the 
second 548 patients, tested the hypothesis that HFVO 
could reduce ARDS mortality when applied early in 
the course of ARDS as a lung-protective ventilatory 
strategy. Unfortunately, these trials did not document 
superiority of HFVO over the traditional approach to 
lung-protective strategy in ARDS (see later discussion). 
Based on these findings, at present HFVO cannot be 
recommended on a routine basis to treat patients with 
ARDS.
MONITORING CONTROLLED MECHANICAL 
VENTILATION

The analysis of the airway opening–time (Paot) signal 
obtained when applying volume-cycled constant-flow 
ventilation with a brief end-inspiratory pause, allows 
monitoring of the mechanical properties of the respira-
tory system. The Paot during constant flow includes the 
following information (Fig. 103-3):
  

 •  Resistive pressure increase (see A-B segment in Fig. 103-3) 
represents the step increase in Pao that occurs at the 
beginning of inspiratory flow delivery. It is not perfectly 
perpendicular to the time axis but shows a discrete slope 
because of the inability of the ventilator to generate a 
sudden increase in flow and to the inhomogeneities of 
different lung regions.

 •  Elastic pressure increase (see B-C segment in Fig. 103-3) 
represents the increase in Pao generated by the progressive 
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Figure 103-3. Flow, volume, and airway opening pressure (Pao) tracings recorded during controlled constant-flow mechanical ventilation. A, Theo-
retical traces related to the different phases of the ventilator duty cycle in a monocompartmental lung model. The model does not take into account 
the respiratory system viscoelastic and inertial properties and the inhomogeneity among different lung regions. B, Real traces. A-B segment (resistive 
pressure increase), B-C elastic pressure increase after the C point (Paopeak), the Paot profile from Paopeak to Paoplat (E) can be divided into two regions: 
(1) an immediate pressure drop from Paopeak to Paoocclusion (D) and, (2) a slower decay from Paoocclusion to Paoplat, that take place in 2 to 5 seconds. 
The latter is principally due to alveolar gas redistribution between areas with different elastic and resistive characteristics (whose pressures at end-
inspiration are not in equilibrium). Hence, the Paoocclusion − Paoplat difference is proportional to the inhomogeneity between different lung regions.



inflation of the respiratory system, whose slope depends 
on the elastic properties of the respiratory system. It is 
not always linear, because its profile may be curvilinear 
when respiratory system compliance varies with lung 
inflation (see later discussion).

 •  Paopeak (see point C in Fig. 103-3) is the peak in Pao 
reached at end inspiration. For a given flow rate and 
inspiratory time, Paopeak expresses both the resistive 
and elastic pressure increase. After Paopeak, the Paot 
profile during the end-inspiratory pause (when both 
the inspiratory and the expiratory valves are closed) can 
be divided into two regions: (1) an immediate decrease 
in pressure from Paopeak to Paoocclusion (see point D  
in Fig. 103-3) as a result of the interruption of flow 
that makes the resistive pressure nil and (2) a slower 
decay from Paoocclusion to the end-inspiratory pressure 
(Paoplat) (see point E in Fig. 103-3) that depends 
on a gas redistribution process between areas with 
different elastic and resistive characteristics and by 
the inertial properties of lung tissue. For a given VT, 
Paoplat expresses the elastic properties of the respiratory 
system. After the end-inspiratory pause, the expiratory 
valve is open while the inspiratory valve is closed and 
the respiratory system is allowed to passively exhale to 
the elastic equilibrium point of the respiratory system 
(see E-F segment in Fig. 103-3). If an end-expiratory 
valve is added to the expiratory limb of the ventilatory 
circuit, the F-G segment is equal to the value of the 
applied PEEP.

  

The rate of change of the airway pressure–time curve 
during constant flow inflation corresponds to the rate 
of change of respiratory system compliance during tidal 
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inflation—a progressive increase in slope of the curve 
indicates that compliance is progressively increasing, 
whereas a progressive decrease in slope of the curve 
indicates that compliance is decreasing with tidal infla-
tion; a linear increase of pressure indicates that compli-
ance is constant throughout inflation.53,54 Progressive 
increase and decrease in compliance during inflation 
are associated with tidal alveolar opening and collapse 
and tidal alveolar hyperinflation, respectively55—that is, 
with the main mechanisms responsible for mechanical 
 ventilation–induced lung mechanical stress.56 Hence, by 
analyzing the Paot profile during the period of constant-
flow inflation (see segment B-C in Fig. 103-3) the occur-
rence of tidal alveolar recruitment and derecruitment 
and/or overinflation may be detected noninvasively (the 
stress index concept [Fig. 103-4]). Titrating the PEEP level 
according to the stress index analysis allows ventilator-
induced lung mechanical stress in patients with ARDS 
to be minimized. Continuous monitoring of the stress 
index may be useful in establishing lung- protective ven-
tilatory strategies.57

Respiratory resistance is the opposition to gas flow 
through the respiratory system and is quantified as the 
amount of pressure required to cause a unit rate of gas 
flow, according to the Ohm law:

 Resistance = driving pressure/flow rate 

where driving pressure is the resistive pressure applied to 
generate a given constant laminar flow in the airways. 
The total resistance of the respiratory system is the sum 
of pulmonary resistance (airway resistance plus lung tis-
sue resistance) and chest wall resistance (essentially tissue 
resistances) and is expressed in centimeters of H2O per 
Stress index <1 Stress index = 1 Stress index >1
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Figure 103-4. The stress index concept. Tidal alveolar recruitment, derecruitment, and overinflation may be detected through the analysis of the 
Paot profile during the period of constant flow inflation. A downward Paot concavity indicates progressive increase in compliance during tidal infla-
tion, resulting from ongoing alveolar recruitment with inflation, whereas an upward Paot concavity indicates progressive decreases in compliance 
during tidal inflation as a result of ongoing alveolar overinflation with inflation. To measure the stress index, a power equation (Pao = a × tb + c)  
is fitted on the Paot profile. Here, the coefficients a and c are constants and the coefficient b is a dimensionless number that describes the shape of 
the Paot profile (stress index). For a coefficient b < 1 the Paot profile has a downward concavity (compliance increases with inflation), whereas for 
a coefficient b > 1 the Paot profile has an upward concavity (compliances decreases with inflation). Finally, when b is equal to 1, the Paot profile 
is straight and compliance remains constant during inflation.
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liter per seconds. The total resistance of the respiratory 
system (Rmax,rs) is therefore proportional to the Ppeak 
minus Pplat pressure decay when the constant flow is 
suddenly interrupted, according to the equation:

 Rmax,rs = (Ppeak − Pplat)/Flow 

Rmax,rs may be further partitioned into the airway 
resistance (Rmin) and additional resistances (ΔR). The 
immediate drop of pressure from Ppeak to Paoocclusion is 
proportional to the airway resistances:

 Rmin = (Ppeak − PaOocclusion)/Flow 

while the slower decay from PaOocclusion to Pplat is propor-
tional to the additional resistances:

 ΔR = Rmax,rs − Rmin 

In normal patients during general anaesthesia, for a flow 
of 0.4 L/second and in the normal VT range, Rmax,rs is 
5 to 6 cm H2O/L/second and Rmin is 2 to 3 cm H2O/L/
second.

Rmin,rs is increased in pathologic conditions character-
ized by increased airway resistance, such as asthma, acute 
cardiogenic pulmonary edema, ARDS, and COPD. How-
ever, because Rmin,rs is the sum of airway resistances and 
includes the resistance in the ventilatory circuit and the 
endotracheal tube, a differential diagnosis of an increase 
in airway resistance should include endotracheal tube 
obstruction. Both lung and chest wall inertial proper-
ties and lung inhomogeneities (expressed by ΔR) may be 
increased in some pathologic conditions; this is seen in 
patients with severe COPD and in morbidly obese patients.

Measuring intrinsic PEEP (PEEPi) in passive patients 
during controlled mechanical ventilation (static intrinsic 
PEEP [PEEPi,st]) is easily accomplished through a 5- to 
10-second end-expiratory hold maneuver—that is, dur-
ing the closure of both inspiratory and expiratory valves 
at end-expiration, which allows the ventilator’s pressure 
transducer to read the end-expiratory alveolar pressure 
(Fig. 103-5). This is the total respiratory system posi-
tive end-expiratory pressure (PEEPtot). In patients with 
dynamic hyperinflation, the value of PEEPtot is higher 
than the value of the applied PEEP (PEEPext) and PEEPi,st 
is the difference between PEEPtot and PEEPext.

When using partial ventilatory support techniques, 
PEEPi needs to be measured in a dynamic fashion 
(PEEPi,dyn). The gold standard method is based on con-
tinuous recording of flow, Pao, esophageal pressure (Pes), 
and eventually gastric pressure (Fig. 103-6).

Static respiratory system compliance (C,st,rs) is defined 
as the change in respiratory system volume per unit 
change in applied pressure (expressed in milliliters per 
centimeters of H2O):

 C,st,rs = VT/(PaOplat − PEEPtot) 

where Paoplat is measured at the end of a 2- to 5-second 
end-inspiratory pause (see point E in Fig. 103-3). Elastance, 
the mathematical inverse of compliance, is expressed in 
centimeters of water per milliliter as:

 Est,rs =
(
Paoplat − PEEPtot

)
/VT 

For a correct calculation of C,st,rs, PEEPtot must be used 
instead of PEEPext to discriminate between an increase in 
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aoplat as a result of dynamic hyperinflation (where PEEP-
ot is higher than PEEPext and Cst,rs is not affected) and 
n increase in Paoplat resulting from reduction of Cst,rs 
where PEEPtot is equal to PEEPext).

ole of Chest Wall Mechanics
ung and the chest wall are “in series”: hence, Cst,rs is 
he sum of lung and chest wall compliances (respectively, 
st,L and Cst,cw) and, Est,rs is the elastance of respira-

ory system, lung, and chest wall (respectively, Est,L and 
st,cw):

1/Cst,rs = 1/Cst,L + 1/Cst,cw 

nd hence

Est,rs = Est,L + Est,cw 

st,cw and Est,cw are calculated as:

st,cw = VT/(Pes, end inspiratory − Pes, end expiratory

nd

st,cw = (Pes, end inspiratory − Pes, end expiratory )/ VT

From a theoretical point of view, pleural pressure vari-
tions should be used instead of esophageal pressure to 
easure the pressure surrounding the lungs. However, 

leural pressure measurements are virtually impossible in 
linical practice, whereas the esophageal pressure record-
ng is commonly used as a substitute.

Pes is recorded with the patient in semirecumbent 
osition through a balloon-equipped catheter inserted 

n the lower third of the esophagus and connected to 
 pressure transducer. Partitioning between lung and 
hest wall elastic properties may be useful in the dif-
erential diagnosis of the decrease in respiratory compli-
nce. Because the chest wall and abdomen are coupled 
hrough the diaphragm, an increase in abdominal pres-
ure is one of the most important factors leading to chest 
all stiffness. However, patients without abdominal 
ypertension may have chest wall mechanical impair-
ent related to chest wall deformities, fluid overload, or 

leural effusions.

ole of Transpulmonary Pressure
onventional ventilatory treatment is titrated on PAo 
ased on the assumption that PAO closely approaches trans-
ulmonary pressure (PL)—that is, the difference between 
irway opening pressure (PAO) and pleural pressure (PPL). 
lthough this assumption is reasonable for patients with 
ormal chest wall elastance (ECW), in the presence of a 
ubstantial increase of the ECW a relevant portion of PAO is 
issipated in distending the chest wall, leading to a lower 
han expected PL. This is relevant in patients with ARDS 
ecause ECW can be increased as a result of intraabdominal 
ypertension, pleural effusions, fluid overload, and body 
all edema.58 In these patients, targeting ventilation to PL 

ather than PAO would be important.59-61 According to the 
lastance-derived method originally proposed by Gatti-
oni and co-workers,62 any positive pressure applied at the 
irway opening (PAO) acts on two elastic structures posed 
n series (the lung and the chest wall) and results in an 
ncrease in static pleural and transpulmonary pressure that 
an be inferred from the ratio between chest wall and lung 



Chapter 103: Respiratory Care 3073
20

Pressure
transducer
reading zero

Inspiratory valves closed

Expiratory valves opened

Alveolus with inner
pressure 20 cm H2O

Atmospheric
pressure

A

20

Pressure transducer
reading 20 cm H2O

Inspiratory valves closed

Expiratory valves closed

Alveolus with inner
pressure 20 cm H2O

Atmospheric
pressure

50

0

P
aO

 (
cm

 H
2O

)

Atmospheric pressure

End-expiratory
occlusion

PEEPi,st

PEEPtot

PEEPext

B
Figure 103-5. Static intrinsic PEEP (PEEPi,st) measurement. Schematic representation of the end-expiratory hold maneuver. A, Schematic rep-
resentation of the respiratory system and of a ventilatory circuit. During the expiratory phase the ventilator opens the expiratory valve while the 
inspiratory valve is closed. Consequently the pressure transducer reads atmospheric pressure. When the end-expiratory hold maneuver is pre-
formed, both inspiratory and expiratory valves are closed at end-expiration. As a consequence, the pressure transducer reads the end-expiratory 
alveolar pressure. B, Recording of the Pao tracing obtained during a cycle of constant-flow mechanical ventilation, followed by an end-expiratory 
hold maneuver. At the end of the maneuver, the PEEPtot value is obtained. The dotted line refers to the theoretical value of alveolar pressure. 
PEEP, Positive end-expiratory pressure; PEEPext, applied PEEP; PEEPi,st, static intrinsic PEEP; PEEPtot, total respiratory system positive end-expiratory 
pressure.
elastance. Accordingly, PPL = PAO × (ECW/ERS) and PL = PAO ×  
(EL/ERS). Hence, elastance-derived PL is the Δ lung distend-
ing pressure applied during positive-pressure controlled 
mechanical ventilation, neglecting the absolute PPL and PPL 
value at functional residual capacity (FRC).61,63 For math-
ematical reasons, the elastance-derived PPL (and hence PL) 
must be zero when PAO is zero, but this does not mean 
that absolute PPL and PL are equal to zero in the same cir-
cumstances. For these reasons, elastance-derived PPL and PL 
must be clearly distinguished from measured or absolute PPL 
(and PL). Chiumello and colleagues63 found that in patients 
with ARDS the contribution of chest wall elastance to the 
whole respiratory system elastance was 7% to 67%.

At variance with the elastance-derived method, the 
protocol proposed by Talmor and associates64 optimizes 
the absolute PL at end-expiration independently from the 
presence of impairment of ECW. They showed in a ran-
domized clinical trial that this approach improves oxy-
genation and lung mechanics in patients with ARDS. In 
the Talmor study, PEEP was titrated to counterbalance 
the abdominal extra weight compressing dependent lung 
regions at end-expiration and esophageal manometry was 
used to quantify the extra weight after subtracting 5 cm 
H2O for the weight of the mediastinal organs. The physi-
ologic background is that in some patients with ARDS, 
oxygenation is impaired by the compression exerted by 
the abdominal organs. The pressure recorded inside an 
esophageal balloon positioned in the lower third of the 
esophagus is significantly affected by the extra weight 
exerted by the abdominal contents.65 However, defining 
a single “real” absolute PPL value is virtually impossible, 
and, as a matter of fact, chest wall elastance may be nor-
mal despite a high absolute PPL measured in the lower 
third of the esophagus and vice versa.66 Furthermore, 
counterbalancing with PEEP (a globally applied pressure) 
the “local” absolute PPL acting on the dependent lung sur-
face could induce overdistention in nondependent lung 
areas.
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Substituting the PAO,plat target with an elastance-
derived PL,plat target improved lung aeration both in a pig 
model68 and in a cohort of patients with severe influenza 
A H1N1–induced ARDS.69

The straightforward physiologic concept that PL is the 
real lung distending pressure must be taken in account 
when ventilating patients with ARDS and compromised 
chest wall mechanics.

MONITORING-ASSISTED MECHANICAL 
VENTILATION

The main parameters to be clinically observed during 
assisted mechanical ventilation include evaluation of 
patient-ventilator interactions and the occurrence of 
asynchrony between the patient and ventilator.

Inspiratory Trigger Asynchrony
A phase lag between the commencing of inspiratory 
muscle activity and the beginning of mechanical infla-
tion is virtually always present, although the amount 
is minimized with the neural trigger of NAVA.70 The 
presence of PEEPi may complicate patient-ventilator 
interactions during the triggering phase.71 Ineffective 
triggering is due to the inability of the ventilator to 
detect patient initiation of an assisted breath despite the 
patient producing a substantial inspiratory effort. This 
phenomenon usually occurs in the presence of high lev-
els of ventilator assistance and short expiratory times. 
Mechanical characteristics that are associated with inef-
fective triggering include low elastance, high resistance, 
and PEEPi.7

Ventilatory requirement–Gas DeliVery asynchrony. 
Asynchrony between ventilatory requirement and gas 
delivery occurs when the ventilator-delivered flow, 
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Figure 103-6. Flow, volume, Pao, and Pes tracings recorded in a 
spontaneously breathing patient receiving positive continuous airway 
pressure. PEEPi,dyn is the value of Pes deflection of from the beginning 
of the inspiratory effort to the point in which a positive inspiratory flow 
begins. Pes, Esophageal pressure; PEEP, positive end-expiratory pres-
sure; PEEPi,dyn, dynamic intrinsic PEEP.
volume, and pressure are insufficient to meet patient 
ventilatory requirements. Pressure-targeted breaths 
may better satisfy patient ventilatory requirements 
because the rapid pressurization of the airways is cou-
pled with high inspiratory flow rates just at the begin-
ning of inspiration, thus reproducing the physiologic 
flow profile.

inspiratory time anD time total cyclinG asynchrony. 
Inspiratory time (Ti) and time total (Ttot) cycling asyn-
chrony occurs when the patient is trying to exhale, 
but the ventilator is still continuing to deliver gas. Par-
thasarathy and co-workers72 demonstrated that pro-
longing the mechanical inflation during the neural 
expiration reduces the time available for unopposed 
exhalation.72 When PSV is delivered noninvasively, 
air leaks may cause an abnormal prolongation of the 
inspiratory time preventing cycling off in inspiration 
and expiration. In this condition, the patient performs 
several efforts to exhale against the machine or inhale 
without receiving any ventilatory support (inspiratory 
hang-up).73

Work of BreathinG. Estimating patient WOB during 
partial ventilatory support modes would allow setting the 
optimal level of support, which is the one able to normal-
ize inspiratory muscle workload, avoiding excessive mus-
cle unloading (overassistance). Unfortunately it requires a 
complex apparatus, continuous measurement of esopha-
geal and gastric pressures, and physiologic expertise. As 
discussed later, the PAV+ algorithm allows continuous 
estimation of WOB and the NAVA technology allows 
continuous detection of diaphragmatic electrical activity. 
Although WOB may be referred to a single breath, from a 
clinical point of view it is useful to measure WOB per min-
ute and WOB per liter of minute ventilation (WOB/L =  
WOB per minute/minute ventilation). In a normal 
patient, WOB per liter at rest is between 0.3 and 0.6 J/L, 
whereas during any invasive available partial ventilatory 
support technique the patient is submitted to additional 
iatrogenic work, wasted to overcome the endotracheal 
tube and ventilatory circuit resistance and to trigger the 
ventilator.74

PRINCIPLES OF RESPIRATORY 
PHYSIOLOGY APPLICABLE TO THE 
CLINICAL SCENARIO

ELASTIC PROPERTIES OF 
NONHOMOGENEOUS LUNG AND 
VENTILATOR-INDUCED LUNG INJURY

Mechanical ventilation is almost invariably used in 
patients with ARDS. In the majority of those patients, 
once mechanical ventilation is applied, the gas 
exchange parameters improve together with the overall 
clinical condition. Unfortunately, since the mid-1980s, 
a large number of studies have shown that mechanical 
ventilation can worsen preexisting lung injury (ven-
tilator-induced lung injury [VILI]).56,75 The main fea-
ture of ARDS predisposing to VILI is the heterogeneous 



distribution of lung lesions. Pivotal computed tomog-
raphy (CT) scan studies have clearly documented that 
in the ARDS lung normally aerated areas coexist with 
poorly aerated, consolidated, and hyperinflated areas76  
(Fig. 103-7). A systematic review of the pattern of dis-
tribution of these areas allowed classification of the 
distribution pattern of atelectasis into focal (≈36% of 
patients, in whom consolidated dependent areas coex-
isted with normally aerated nondependent areas), dif-
fuse (≈23%, with a generalized opacification of the 
lung), and patchy (≈41%, in whom consolidated areas 
were unevenly distributed in the whole lungs).76-78 
This heterogeneity affects the mechanical characteris-
tics of the respiratory system, as documented by the 
shape of the static or quasi-static inspiratory volume–
pressure curve of the respiratory system.79 When inflat-
ing the respiratory system in discrete volume steps or 
in a very slow fashion, the increase in airway opening 
pressure will reflect the variations in elastic proper-
ties of the respiratory system. A progressive increase in 
compliance at the beginning of lung inflation (lower 
inflection point [LIP]) suggests that alveoli collapsed at 
end-expiration are being progressively reopened dur-
ing inflation (alveolar recruitment), whereas a progres-
sive decrease of compliance toward the end of inflation 
(upper inflection point [UIP]) suggests that some alve-
oli are progressively stretched (hyperinflated) toward 
the end of inflation. In normal patients, LIP occurs 
below the elastic equilibrium point of the respiratory 
system and the UIP occurs at a volume close to total 
lung capacity. In patients with ARDS, LIP and UIP 
occur within tidal ventilation and indicate the pressure 
at which recruitment of collapsed alveoli and alveolar 
hyperinflation, respectively, start to occur (Fig. 103-8). 
The classic view remains valid, particularly in patients 
with early ARDS and very recruitable lungs. However, 
in the majority of the cases, lung recruitment occurs 
along the entire incremental limb of the inspiratory 
volume–pressure curve and is a rather progressive 
phenomenon. Furthermore, a significant hysteresis 
between the inspiratory and the expiratory volume–
pressure curve has been observed by constructing the 
decremental (i.e., the expiratory) limb of the volume–
pressure curve, meaning that (1) lung recruitment is 
a pan-inspiratory phenomenon, and complete lung 
recruitment may require very high opening pressures; 
and (2) that once recruited, atelectatic lung areas tend 
to collapse at lower pressure than those necessary to 
open them during inspiration.80,81

According to the concept of “baby lung,” originally 
proposed by Gattinoni and Presenti,82 mechanical ven-
tilation delivering standard VTs (i.e., the VTs that nor-
malize arterial Pco2) will generate cyclical tidal alveolar 
hyperinflation in the reduced amount of normally aer-
ated areas in patients with ARDS.82 In addition, it may 
occur that some lung regions that stay collapsed at end-
expiration if inadequately low levels of PEEP are applied 
will reopen at lung inflation, generating a cyclic tidal 
alveolar opening and collapse phenomenon (or tidal 
recruitment). Tidal alveolar recruiting and hyperinfla-
tion are the main mechanisms responsible for VILI gen-
eration. They activate proinflammatory intracellular 
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Figure 103-7. A, Anteroposterior chest radiograph and the com-
puted tomography (CT) scans (apex, hilum, and base) in acute 
respiratory distress syndrome (ARDS). The radiograph shows diffuse 
ground glass opacification, sparing the right upper lung. The CT scans 
show inhomogeneous disease and both the craniocaudal and sterno-
vertebral gradient. B, Lung compartments, as defined by CT numbers, 
in normal condition (blue line) and in typical acute lung injury and 
ARDS (yellow line).
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Figure 103-8. Static volume-pressure curves of the respiratory sys-
tem recorded in a healthy patient and in a patient with acute respira-
tory distress syndrome (ARDS). LIP and UIP both occur within tidal 
ventilation and indicate the pressure at which recruitment of collapsed 
alveoli and alveolar hyperinflation start to occur, respectively. LIP, 
Lower inflection point; UIP, upper inflection point.
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signal pathways into epithelial and endothelial cells of 
the alveoli and resident macrophages. As a consequence, 
the genes responsible for the transcription of proinflam-
matory and antiinflammatory mediators, respectively, 
are up-regulated and down-regulated, leading to alveo-
lar inflammation.83 This ventilator-induced biotrauma 
may arise after even a relatively short period of mechan-
ical ventilation, leading to inflammation (Fig. 103-9).75 
In addition, mechanical stimuli posed on the alveolar 
wall are able to shed thrombomodulin (the surface mol-
ecule that proteolitically activates protein C) from the 
alveolar cell surface, depressing protein C activation 
at the alveolar level. Therefore, VILI may exacerbate 
the intraalveolar procoagulative and antifibrinolytic 
state.84 Other expressions of biotrauma include impair-
ment of alveolar edema clearance by inactivation of the 
type I and II alveolar cells NA+/K+-ATPase,85 inhibition 
of surfactant secretion by epithelial type II cells,86 and 
up-regulation of the production of matrix metallopro-
teinases.87 The idea that VILI could sustain a ventila-
tor-induced multiple organ dysfunction syndrome was 
originally proposed by Slutsky75 and has been recently 
confirmed.88

Several lung-protective ventilatory strategies 
have been proposed to minimize VILI. Initially, the 
measurement of the inspiratory volume-pressure curve 
of the respiratory system was used. Applying a PEEP 
level slightly above the LIP avoids end-expiratory col-
lapse. Also, VT is used to obtain an end-inspiratory pla-
teau pressure just below the UIP. Both of these moves 
reduced VILI-related lung and systemic inflammatory 
reaction89 and VILI-related mortality.90,91 However, 
selecting the PEEP level on the incremental limb of the 
volume-pressure curve may be misleading, because alve-
olar recruitment also increases above LIP.92 Therefore, 
some authors suggest the “open lung approach.”81 Here 
PEEP is selected through a decremental trial after that 
maximal lung recruitment has been obtained by means 
of a vital capacity maneuver.

EXPIRATORY FLOW LIMITATION AND 
INTRINSIC POSITIVE END-EXPIRATORY 
PRESSURE

In normal patients at rest, the end-expiratory lung vol-
ume (EELV) closely corresponds to the elastic equilibrium 
point of the respiratory system (FRC). When the time 
available for expiration is shorter than the time required 
for passive exhalation to FRC, air trapping develops. Con-
sequently, alveolar pressure will remain positive at the 
End expiration

Extreme stress/strain Moderate stress/strain
Tidal forces

(transpulmonary
and microvascular

pressures)

Rupture
Signaling

Epithelial and endothelial
cells accommodate

their surfaces

Mechano signaling via
integrins, cytoskeleton, ion channels

Inflammatory cascade

Cellular Infiltration and
full-blown inflammation

Figure 103-9. Concept of biotrauma related to ventilator-induced lung injury. The transduction of a mechanical stimulus posed on the 
alveolar walls (tidal alveolar opening/collapse and/or tidal alveolar stretch) leads to a biologic signaling, which translates into pulmonary 
inflammation. (From Marini JJ, Gattinoni L: Ventilatory management of acute respiratory distress syndrome: a consensus of two, Critical Care Med 
33:250, 2004.)



end of expiration, generating dynamic hyperinflation—
that is, a positive end-expiratory alveolar pressure, PEEPi, 
or auto-PEEP.93,94 The trapped air volume may be assessed 
by measuring the amount of expired volume during a 
prolonged, passive exhalation from EELV to FRC (30 to 
60 seconds) (Fig. 103-10).

Intrinsic Positive End-Expiratory Pressure 
Resulting From Flow Limitation
PEEPi is due to the expiratory collapse of distal airways, 
which severely limits expiratory flow.95 This condition 
is peculiar to patients with COPD, whereas in normal 
patients it occurs only during forced maximal expira-
tory maneuvers. The pathophysiology of expiratory 
flow limitation was originally explained by the waterfall 
model (Fig. 103-11).96 Accordingly, increasing the pres-
sure downstream by applying an external PEEP will have 
no influence on either the expiratory flow or the pres-
sure upstream of the site of critical airway closure—that 
is, until the value of external PEEP does not exceed the 
value of PEEPi.

Acting as an inspiratory threshold load, PEEPi places 
a burden on the inspiratory muscles, which are forced to 
develop sufficient force to overcome the opposite recoil 
pressure before inspiratory flow can begin. The WOB 
necessary to overcome PEEPi and initiate an inspiratory 
flow may be as much as 40% of total WOB in patients 
with COPD exacerbations,22 and the work may be sig-
nificantly reduced by applying an appropriate level of 
external PEEP.97 According to the waterfall analogy, the 
application of an external PEEP in the range of the mea-
sured levels of PEEPi will decrease inspiratory WOB with-
out inducing further alveolar hyperinflation.98 However, 
the waterfall analogy assumes a single value of critical 
closing pressure for all the distal airways (Pcrit), whereas 
a significant heterogeneity among regional lung units 
has been documented.99 Perhaps the simple waterfall 
analogy may not be accurate. In terms of mechanically 
ventilated patients with COPD, the value of external 
PEEP that can be safely applied without the risk for wors-
ening dynamic hyperinflation should be somewhat less 
than the measured PEEPi. Applying a PEEP level equal 
to 75% of PEEPi is less than Pcrit in the most COPD 
patients.100
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Figure 103-10. Difference (ΔEELV) between the end-expiratory lung 
volume (EELV) during mechanical ventilation and elastic equilibrium 
volume of the respiratory system (Vr) in a patient with dynamic hyper-
inflation. A complete lung emptying is obtained by disconnecting the 
patient from the ventilator at the end of mechanical expiratory time 
and allowing a prolonged (15 to 20 seconds) passive exhalation to 
atmospheric pressure.
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Intrinsic Positive End-Expiratory Pressure 
Without Flow Limitation
PEEPi without flow limitation occurs when the expi-
ratory time is shorter than the time required for pas-
sive lung emptying to FRC. The time needed to empty 
the lung depends on the interplay of several variables: 
VT, end-inspiratory elastic recoil pressure of the respira-
tory system, and expiratory resistances. Moreover, in the 
mechanically ventilated patient, the iatrogenic resistance 
of endotracheal tubes, of the exhalation valve, and of the 
PEEP devices must be considered. Consequently, under 
conditions of large minute ventilation, high respiratory 
system compliance, and expiratory resistance, the lungs 
do not have time during passive deflation to reach their 
equilibrium point at FRC. Differently from flow limita-
tion, applying an external PEEP in this condition will 
worsen dynamic hyperinflation, creating a back pressure 
to expiratory airflow.101

In the ventilated patient, dynamic hyperinfla-
tion may cause hemodynamic compromise because 
it critically impairs venous return and increases right 
ventricular afterload, leading to a low cardiac output 
state. This phenomenon, originally described by Pepe 
and Marini,102 is more likely to occur when using con-
trolled mechanical ventilation in patients with COPD 
or asthma. A rather different scenario occurs in spon-
taneously breathing patients with significant dynamic 
hyperinflation.103 PEEPi acts as an inspiratory threshold 
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Upstream
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Figure 103-11. The waterfall model. As a result of the dynamic 
expiratory collapse of distal airways in chronic obstructive pulmonary 
disease, expiratory flow is severely limited; at end-expiration, alveolar 
pressure (Palv) remains positive, generating intrinsic positive end-expi-
ratory pressure (PEEPi). Because of the dynamic collapse, increasing 
the pressure in the downstream airway segment will not have influ-
ence on the pressure upstream of the site of critical airway closure, 
until the applied exceeds the pressure level in the upstream airway 
segment (Pcrit).
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Figure 103-12. Hemodynamic conse-
quences of dynamic hyperinflation and 
intrinsic positive end-expiratory pressure 
(PEEPi). The physiologic increase in venous 
return during spontaneous inspiration, as a 
result of the generation of a slightly nega-
tive pleural pressure (Ppl) in contrast to 
atmospheric pressure (Patm), is pathologi-
cally magnified in patients with dynamic 
hyperinflation. To initiate inspiratory flow 
(i.e., to generate a negative alveolar pres-
sure) the hyperinflated patient needs to 
counterbalance PEEPi generating an oppo-
site negative pleural pressure. This has a 
marked fostering effect on venous return. 
LH, Left heart; RH, right heart.
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load in the sense that the patient must create an oppo-
site negative intrathoracic pressure to generate an 
inspiratory flow. This decrease in pleural pressure that 
occurs without a change in lung volume is theoretically 
similar to a Müller maneuver (Fig. 103-12). The pulmo-
nary vascular bed is relatively nonrecruitable in severe 
COPD; thus, pulmonary artery pressures will increase 
and right ventricular engorgement can ensue. Further-
more, acute right ventricular engorgement induces 
a leftward interventricular septum shift, leading to 
impairment of left ventricular diastolic relaxation and 
pulmonary congestion.104-106 Besides decreasing WOB, 
applying a PEEP/CPAP level lower than Pcrit will limit 
the hemodynamic consequences of PEEPi in spontane-
ously breathing patients.103

Although PEEPi and dynamic hyperinflation are fre-
quently thought to be synonymous, PEEPi does not nec-
essarily imply dynamic hyperinflation or air trapping. 
When expiratory muscles are recruited during expiration, 
alveolar pressure will be positive at end-expiration with-
out dynamic hyperinflation.107

MECHANICAL VENTILATION IN THE 
CLINICAL SCENARIO

ACUTE RESPIRATORY DISTRESS SYNDROME

ARDS is an inflammatory response of the lung to both 
direct and indirect insults with acute onset, presence of 
bilateral infiltrates on chest radiography consistent with 
pulmonary edema, pulmonary artery wedge pressure less 
than 18 mm Hg or clinical absence of left atrial hyperten-
sion, and arterial hypoxemia (see also Chapters 101 and 
102). The definition of ARDS has been updated accord-
ing to the recommendations of an expert task force (the 
Berlin definition).108,109 The panel identified the common 
direct or indirect risk factors for ARDS (see later discus-
sion) and defined ARDS as a clinical syndrome encom-
passing the following criteria: (1) timing, arising from 
a known clinical insult; (2) chest imaging (chest radi-
ography or CT) characterized by bilateral opacities not 
fully explained by eventual coexisting effusions, lobar or 
lung collapse or nodules; (3) origin of edema not fully 
explained by cardiac failure or excessive intravascular 
fluid volume (that, of note, may coexist with ARDS); (4) 
oxygenation impairment—ratio of partial pressure of 
arterial oxygen/fraction of inspired O2 (P/F ratio) lower 
than 300, evaluated at PEEP, or CPAP level of 5 cm H2O 
or higher. ARDS severity is divided into three stages: mild 
(P/F ratio between 200 and 300), moderate (P/F ratio 
between 200 and 100), and severe (P/F ratio lower than 
100). Importantly, these stages are correlated with mor-
tality27 (confidence interval [CI] 24% to 30%) in patients 
with mild ARDS, 32% (CI 29% to 34%) in patients with 
moderate ARDS, and 45% (CI 42% to 48%) in patients 
with severe ARDS (P < 0,10).108,109

Although in the past ARDS was considered rare,110 a 
recent population-based study showed an age-adjusted 
incidence of 86.2 per 100,000 persons per year.111 Mortal-
ity resulting from ARDS has been reported to decline from 
60% to 70% in the late 1980s to 30% to 40% over the last 
2 decades with improved management.112-114 Risk factors 
linked to increased mortality in ARDS include advanced 
age, low PaO2/FiO2 ratio, septic shock, high APACHE II 
score, high Sequential Organ Failure Assessment (SOFA) 
score, low Glasgow Coma Scale score, and chronic liver 
disease.115 The most common long-term impairments 
are muscle wasting and weakness, significant neurocog-
nitive and emotional morbidity, and decreased quality of 
life even after 2 years from hospital discharge, whereas 
pulmonary function generally returns to normal by 6 
months, with the exception of a persistent reduction 
in carbon monoxide diffusion capacity116,117 (see also 
Chapter 101).

The inciting factors for lung injury can be divided 
in those associated with direct insult to the lungs, such 
as pneumonia or aspiration, or an indirect cause in the 
setting of a systemic process, such as sepsis or severe 
trauma (Fig. 103-13). This “first hit” to the lungs incites 



Chapter 103: Respiratory Care 3079
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Figure 103-13. Pulmonary (primitive) and extrapulmo-
nary (secondary) triggers of acute respiratory distress syn-
drome. DIC, Disseminated intravascular coagulation.
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a pulmonary inflammatory response, which may lead 
to worsening of the pathologic manifestations of ARDS 
if coupled with injurious mechanical ventilation.75,83 
Clinical studies suggest increased mortality in patients 
who continue to manifest elevated bronchoalveolar 
lavage (BAL) concentrations of interleukin-6 (IL-6), IL-8, 
IL-1, and tumor necrosis factor cytokine levels during 
their clinical course, precluding resolution of the pulmo-
nary and systemic inflammatory processes.112,118,119 An 
important source of these inflammatory mediators are 
the neutrophils, which play a pivotal role in the patho-
genesis and progression of ARDS,120 although it may 
develop in patients with profound neutropenia, suggest-
ing that several parallel and interacting mechanisms are 
involved.121

As previously discussed, ARDS is characterized by 
abnormal mechanical properties of the respiratory system 
with hallmark features of a reduction in FRC and a reduc-
tion in static compliance of the respiratory system.122

In the past, mechanical ventilation with large VTs of 
10 to 15 mL/kg of body weight was recommended to 
guarantee a normal pH and Paco2.123 The use of large 
VTs leads to shear stress injury resulting from overdis-
tention and local and systemic inflammatory response. 
The multicenter randomized controlled trial performed 
by the ARDS Network and funded by the National 
Heart, Lung and Blood Institute of the National Insti-
tutes of Health included 10 academic centers with 75 
ICUs and enrolled patients with ARDS to compare 
a control ventilatory strategy using a VT of 12 mL/
kg (based on predicted body weight [PBW]) versus a 
lung-protective strategy using a VT of 6 mL/kg PBW.112 
The study intended to enroll up to 1000 patients, but 
accrual was stopped at 861 patients when an interim 
analysis revealed that the mortality rate in the lung-pro-
tective group was 22% less frequent than in the control 
group. These beneficial results apply to a wide spectrum 
of patients, including patients with and without sep-
sis and those with different degrees of lung dysfunc-
tion as assessed by respiratory system compliance. The 
ARDS Network study protective ventilatory strategy set 
PEEP and FiO2 according to traditional criteria, using a 
standardized PEEP-Fio2 combination table prescribing 
simultaneous increases in PEEP and Fio2 to achieve a 
certain oxygenation target. Moreover, the ARDS Net-
work study protective ventilatory strategy aggressively 
maintained Paco2 relatively close to the normal range, 
employing more frequent respiratory rates and more 
liberal use of bicarbonate. The study is important from 
a clinical perspective because for the first time it was 
demonstrated that a specific intervention (the reduction 
of VT) was able to improve outcome in these patients. 
Recent investigations testing the effects on mortality of 
higher PEEP titration criteria did not show any improve-
ment in terms of survival rate.67,124,125 At present the 
optimal level of PEEP and best method used to set PEEP 
have not been definitively established.125

Acquired Respiratory Distress Syndrome 
and Refractory Hypoxemia
According to recent reports, severe hypoxemia affects 7% 
to 26% of patients with ARDS67,125 whereas the major-
ity of patients are safely oxygenated by the gold standard 
ARDS Network lung protective strategy. The rescue treat-
ment flow chart for patients who are difficult to ventilate 
because of developing severe hypoxemia when submitted 
to the ARDS Network ventilatory protocol includes both 
ventilatory and nonventilatory strategies50,126 and will be 
briefly reviewed.

The first step is defining severe and refractory hypox-
emia. Unfortunately, guidelines on this crucial topic are 
lacking (see also Chapter 102). In the expiratory pressure 
study EXPRESS, Mercat and associates67 indirectly defined 
patients with severe hypoxemia as those receiving rescue 
ventilatory and nonventilatory strategies, whereas in the 
Lung Open Ventilation Study (LOVS) Meade and associ-
ates125 defined refractory hypoxemia as a PaO2 lower than 
60 mm Hg for at least 1 hour while receiving an FiO2 of 
1.0. According to the available data on extracorporeal 
membrane oxygenation (ECMO) as a rescue treatment 
for ARDS coming from case series,127-134 one randomized 
clinical trial,135 and the Extracorporeal Life Support Orga-
nization guidelines, the critical PaO2/FiO2 ratio threshold 
is between 50 and 80, despite the use of high PEEP levels, 
mean airway pressure (PAO,mean) and PAO,plat. In a recent 
review, Esan and associates50 proposed an alternative def-
inition of severe hypoxemia: (1) Pao2/Fio2 ratio of less 
than 100 or PAO,plat greater than 30 cm H2O despite the 
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use of VT as low as 4 mL/kg PBW or (2) an oxygenation 
index (OI) higher than 30. The OI is defined as:

 OI = (PAO, mean × FiO2 × 100 )/ PaO2 

Rescue Ventilatory Approaches to 
Refractory Hypoxemia
According to clinical experience the first rescue strategy 
is based on nonconventional ventilatory approaches. 
The first step is defining the potential for further alveolar 
recruitment. This is a crucial issue because it may change 
the clinical history of a patient; if considered to have a 
low potential for recruitment, a patient is a candidate for 
invasive rescue nonventilatory strategies, mainly ECMO 
(see later discussion). If, on the contrary, lung recruit-
ment is possible, the potential for rescue using an open 
lung ventilatory approach is high.

The potential for lung recruitment (i.e., the percent-
age of nonaerated lung tissue at minimal lung distend-
ing pressure that can be reopened by a lung recruitment 
maneuver) varies, depending on the method used to 
recruit the lung. De Matos and co-authors136 studied 
an aggressive open lung approach using high inspira-
tory opening pressures to fully recruit the lung (up to 
55 to 60 mm Hg) followed by a decremental PEEP trial. 
They found a median potential for recruitment of 45% 
(interquartile range 25% to 53%). In an older study, 
Gattinoni and colleagues,137 applying a lung distend-
ing pressure of only 45 cm H2O, reported a significantly 
lower potential for recruitment (13% ± 11%). Because 
very high recruiting pressures may expose patients to 
risks (barotrauma, hemodynamic compromise), the 
debate between aggressive and conservative recruiters is 
ongoing.

One important issue is considering the role of 
impaired chest wall mechanics in lung recruitment. If 
chest wall elastance is higher than normal, as occurs 
in some patients with ARDS, the distending pressure 
applied at the airway opening largely affects the chest 
wall and the resulting PL (i.e., the real lung distending 
pressure) will be lower than expected. Titrating the open 
lung strategy according to the elastance-derived PL in 
conditions of impaired chest wall elastance allows repro-
duction of the same elastance-derived end-inspiratory PL 
that would have been obtained with normal chest wall 
elastance.68 Recently, a rescue open lung strategy target-
ing a PL of 26 cm H2O was able to reverse hypoxemia 
refractory to the conventional open lung approach in 
7 of 14 patients with influenza A H1N1–induced ARDS; 
these patients were candidates for ECMO for refractory 
hypoxemia.69

Rescue Nonventilatory Approaches to 
Refractory Hypoxemia
Prone positioning is an established rescue therapy for 
refractory hypoxemia.137,138 Recent meta-analysis suggest 
that it can inprove mortality in patients with severe ARDS 
also without refractory hypoxemia.138a

Inhaled nitric oxide (iNO) is a selective pulmonary 
vasodilator without systemic effects. iNO may improve 
gas exchange and reduce pulmonary hypertension, 
optimizing the V̇/Q̇  matching (see also Chapter 104). 
Nevertheless, despite the improvement in oxygenation, 
no effect on clinical outcomes was demonstrated.139 
Thus, iNO cannot be recommended for the routine treat-
ment of ALI and ARDS, but it may be useful as a rescue 
therapy in patients with refractory hypoxemia.

The use of neuromuscular blockade in patients with 
severe ARDS can improve critically compromised oxy-
genation126 (see also Chapter 34). In a large cohort of 
patients with early severe ARDS, the use of a neuromuscu-
lar blocking drug (cisatracurium) significantly enhanced 
survival.140 Whether neuromuscular blockade should be 
used in patients with severe but early ARDS for the first 
48 hours of treatment in all patients with moderate and 
severe ARDS is questionable.

Extracorporeal Support for Refractory 
Hypoxemia
The technologic implementation of extracorporeal cir-
cuits, artificial lungs, and catheters provides a continuous 
therapeutic spectrum that extends from ECMO to mini-
mally invasive extracorporeal CO2 removal (ECCO2R) 
techniques.141,142

Venovenous ECMO was originally proposed to 
restore normal gas exchange working in series with the 
native lung in patients with ARDS.141 Venous blood is 
drawn through a large-diameter cannula (24 to 32 Fr) 
usually positioned in the inferior vena cava and forced 
by a pump to circulate through an artificial lung, then 
returns to the venous circulation through a smaller 
reinfusion venous cannula. During ECMO, blood oxy-
genation is determined by the interplay among several 
variables, including the quantity of blood flow through 
the ECMO circuit, cardiac output, residual lung func-
tion of the native lung, and FiO2 of the sweep gas flow 
into the ECMO oxygenator.141 The technique was 
almost abandoned in the early 1980s, after that a ran-
domized clinical trial did not show a decrease in mor-
tality.143 It then has been recently “resuscitated” for 
two important reasons: the technologic improvement 
(improved biocompatibility) of the ECMO circuits, 
blood pumps, and oxygenators and the use of protec-
tive ventilatory techniques to ventilate the native lung 
during ECMO.

At variance with the past, ECMO is now used to 
maintain the lung at rest while providing acceptable 
gas exchange. The target is no longer to normalize gas 
exchange but to provide ultraprotective ventilation of 
the native lung and use ECMO to deliver sufficient O2 
to maintain tissue homeostasis. A randomized clinical 
trial (the Conventional Ventilation or ECMO for Severe 
Adult Respiratory Failure [CESAR] trial) documented an 
improved survival of patients centralized to tertiary care 
facilities offering a complete rescue treatment strategy, 
including ECMO, compared with patients managed with 
conventional ventilation in individual hospitals.135 More 
recently, attention has been focused on management of 
the most severe cases of ARDS, perhaps because of the 
increasing number of patients with ARDS secondary to 
influenza A (H1N1) and its refractory hypoxemia.144-146 
ECMO has gained a definite role as a rescue therapy 
for patients failing to respond to less invasive rescue 
strategies.128,147



Extracorporeal Carbon Dioxide Removal for 
Acute Respiratory Distress Syndrome
The rationale for protecting the diseased lung by “dis-
connecting” oxygenation (achieved though appropri-
ate levels of CPAP and FiO2) from CO2 clearance (using 
ECCO2R and reduced minute ventilation) was proposed 
40 years ago—by Kolobow and Gattinoni.148 They tested 
the effects of apneic oxygenation (PEEP 15 to 25 cm 
H2O with 3 to 5 superimposed positive-pressure sighs 
at peak inspiratory pressures of 35 to 45 cm H2O) plus 
ECCO2R (pump-driven venovenous device with a blood 
flow between 20% and 30% of cardiac output) in patients 
with ARDS.149 The first ECCO2R devices were relatively 
invasive; they required blood flows up to 2 L/minute and 
therefore also required wide-bore drainage and reinfusion 
catheters. Furthermore, the priming volume was 1.5 to 
2 L. Also, the first gas-permeable silicone-rubber mem-
brane lungs created an interface between blood and air, 
activating the inflammatory and procoagulative blood 
pathways.142

In the last 10 years, arteriovenous pumpless devices 
that use the arteriovenous pressure gradients to force 
blood through a very low-resistance heparinized circuit 
have been used.150 Their main advantages are lower anti-
coagulation requirements, smaller priming volumes, less 
mechanical damage to blood components, and absence 
of recirculation. On the other hand, the blood flow 
through these devices depends on patient hemodynamic 
status. They also increase the left-to-right shunt and, 
because they require arterial cannulation with relatively 
large-bore catheters (16 to 19 Fr), may lead to lower limb 
ischemia.

The latest innovation in the ECCO2R field is mini-
mally invasive low-flow (300 to 450 mL/minute) veno-
venous pump-driven technique. These devices take 
advantage of highly efficient and biocompatible poly-
propylene or poly-4-methyl-1-pentene hollow fiber oxy-
genators142 with smaller catheters (8 to 12 Fr) or coaxial 
double-lumen catheters similar to those used for continu-
ous renal replacement therapies; they also use a smaller 
priming volume and require a smaller heparin dose.151

The venovenous low-flow devices allow the use of 
ultraprotective VT, very low respiratory rates, or both. 
In a pilot observational clinical study, the Ranieri group 
showed that reducing VT to 3 to 4 mL/kg further miti-
gates VILI compared with the ARDS Net protocol.152 
While waiting for confirmatory clinical trials, minimally 
invasive ECCO2R in ARDS is important because hyper-
capnia is a major reason for the failure of lung-protective 
protocols.142

CHRONIC OBSTRUCTIVE PULMONARY 
DISEASE

COPD is a syndrome of chronic lung inflammation char-
acterized by chronic, not fully reversible, airflow limi-
tation (see also Chapters 101 and 102).153 COPD is the 
fourth leading cause of death in the world. Its prevalence 
is approximately 9 in 1000 in men and 7 in 1000 in 
women, though prevalence of the disease in developed 
countries may be similar in the two genders.154,155 Severe 
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V̇/Q̇  mismatch, which is found in advanced cases of 
COPD, leads to chronic CO2 retention, hypoxemia, and 
compensatory polycythemia. These conditions, together 
with an extensive destruction and remodeling of pulmo-
nary vasculature, lead to pulmonary hypertension and 
chronic cor pulmonale.156 Emphysema critically impairs 
lung elastic recoil and alters the alveolar attachments 
of small airways, compromising their stability. Reduced 
alveolar driving pressure, susceptibility to dynamic expi-
ratory collapse, or both generates the phenomenon of 
expiratory flow limitation.94

Acute exacerbations of COPD are defined as worsen-
ing of dyspnea and increase in sputum purulence and 
volume.157 Most COPD exacerbations are caused by tra-
cheobronchial infections, exposure to air pollution and 
concomitant diseases, and unknown causes.158 The exacer-
bation-induced increase in airways obstruction and wors-
ening of dynamic hyperinflation acutely limits the ability 
of respiratory muscle to maintain minute ventilation. As 
a consequence, acute-onset chronic hypercapnia, hypox-
emia, and hemodynamic impairment develop. Severe, 
life-threatening COPD exacerbations are characterized by 
a pH less than 7.30 and a Pao2 less than 60 mm Hg (while 
breathing room air) and requires intensive O2 supplemen-
tation and pharmacologic and ventilatory treatments. The 
target of O2 supplementation is to maintain Pao2 slightly 
more than the threshold of 60 mm Hg, because a moder-
ate hypoxic stimulus is useful to stimulate the ventilatory 
drive in the presence of chronic hypercapnia.

Noninvasive PSV unloads inspiratory muscles and 
increases VT. When applied early in the beginning of 
COPD exacerbations, the tracheal intubation rate, fre-
quency of complications, and in-hospital mortality and 
length of stay can be reduced.159,160 Experience with 
other noninvasive positive-pressure ventilation (NIPPV) 
modalities (e.g., PAV or NAVA), though encouraging, 
are limited to physiologic studies.161,162 Although CPAP 
improves acute COPD exacerbation, no specific clini-
cal indication for it exists.163 If controlled mechanical 
ventilation needs to be used, targeting minute ventila-
tion to the predecompensation CO2 level is important 
to minimize alveolar hyperinflation and avoid rebound 
respiratory acidosis at the reinstitution of spontaneous 
breathing. In this context, measuring PEEPi and trying to 
minimize it by selecting the appropriate ventilatory pat-
tern (small VT, slow respiratory rate, and longer expira-
tory time) is of prime importance.164

The use of ECCO2R techniques can replace the need 
for endotracheal intubation in patients with COPD exac-
erbation failing noninvasive ventilation165; hopefully, 
this approach will prove to be clinically important.

ACUTE CARDIOGENIC PULMONARY EDEMA

Acute cardiogenic pulmonary edema (ACPE) results from 
any pathologic condition leading to the inability of the 
left ventricle to handle the pulmonary venous return. The 
resulting increase in hydrostatic pressure at the capillary 
level causes a leakage of fluid (with the characteristics of 
transudate) in the interstitium and subsequently in the 
alveolar space. Both interstitial and alveolar edema lead 
to surfactant inactivation and thickening of the walls 
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of small airways, resulting in increased lung elastance, 
increased airway resistance (cardiac asthma), and hypox-
emia. A positive feedback develops, because hypoxemia 
and increased WOB increase a stress response, which in 
turn increases left ventricle workload and possibly induces 
left ventricular ischemia, further limiting the ability of 
the left ventricle to manage venous return.166 Moreover, 
the stiffer edematous lung requires the patient to develop 
wider negative pleural pressure swings, increasing venous 
return and promoting further capillary fluid leakage. 
Finally, the more negative the pleural pressure is during 
inspiration, the more transmural left ventricular pressure 
increases, leading to an increased left ventricular after-
load32 (Fig. 103-14).

Noninvasive techniques—both CPAP and NIPPV—
reduce the need for tracheal intubation and improve 
outcome in patients with ACPE.167-170 However, a small 
clinical trial raised serious warnings on the risk for myocar-
dial ischemic events when patients with ACPE are treated 
with bilevel positive airway pressure (BiPAP, a form of 
PSV) compared to CPAP.171 Recently, two meta-analyses 
showed that both CPAP and NPPV significantly reduce 
the need for endotracheal intubation, CPAP improves 
mortality whereas NIPPV is associated with a strong but 
nonsignificant trend toward better survival.172,173 The 
same meta-analysis did not show significant differences 
in myocardial ischemic events between CPAP and NIPPV. 
Overall, perhaps CPAP should be first-line treatment in 
patients with ACPE because it is less expensive, easier to 
implement, and as efficacious as NIPPV.173

Several questions regarding noninvasive ventilation 
in patients with ACPE remain unresolved. (1) Does the 
mechanism leading to ACPE (systolic versus diastolic 
heart failure)174 influence the response to noninva-
sive ventilation? (2) To what extent is the use of CPAP 
or NIPPV advisable in patients with acute myocardial 
infarction? (3) Do differential indications exist for CPAP 
or NIPPV in subgroups of patients? For example, does 
a preferential indication for NIPPV exist in hypercapnic 
patients with ACPE?170 Furthermore, the optimal setting 
for CPAP and NPPV in patients with ACPE needs better 
definition.
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Figure 103-14. The vicious cycle of cardiopulmonary interactions 
during left ventricular (LV) failure leading to acute cardiogenic pulmo-
nary edema (see text for further details).
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Nitric Oxide and Other Inhaled 
Pulmonary Vasodilators
FUMITO ICHINOSE • WARREN M. ZAPOL

K e y  P o i n t s

 •  Endogenous nitric oxide (NO) is produced from oxygen and l-arginine by a 
group of enzymes called nitric oxide synthases with l-citrulline as a by-product.

 •  Most of the effects of NO in the cardiovascular system are mediated by the 
activation of the enzyme soluble guanylate cyclase, which catalyzes the formation 
of the second messenger cyclic guanosine monophosphate (cGMP) from 
guanosine-5’-triphosphate. NO may directly modulate other signaling systems. 
For example, inhaled NO may be directly involved in posttranslational protein 
modification, including nitrosylation of proteins.

 •  NO can be safely inhaled when delivered by facemask, nasal cannula, or 
endotracheal tube.

 •  The intrapulmonary distribution of blood flow and ventilation (ventilation-
perfusion distribution) is a major determinant of the efficiency of transpulmonary 
oxygenation and determines the partial pressure of oxygen in arterial blood. 
In contrast to intravenously administered vasodilators, inhaled NO selectively 
improves the perfusion of ventilated regions, thereby reducing intrapulmonary 
shunting and improving arterial oxygenation.

 •  Inhaled NO therapy is approved by U.S. Food and Drug Administration 
for the treatment of hypoxic respiratory failure associated with clinical or 
echocardiographic evidence of pulmonary hypertension in newborns (also see 
Chapter 95).

 •  Inhaled NO therapy may decrease the incidence of bronchopulmonary dysplasia 
and increase survival in prematurely born infants with a birth weight of at 
least 1000 g50 (also see Chapter 95). Inhaled NO is widely used in cardiac 
catheterization laboratories as a safe and effective agent to determine the 
pulmonary circulation’s capacity for vasodilation in pediatric and adult patients 
with pulmonary hypertension68 (also see Chapter 67).

 •  Several clinical trials of inhaled NO in patients with acute respiratory distress 
syndrome (ARDS) demonstrated no effect on mortality or the duration of 
mechanical ventilation; however, a long-term follow-up at 6 months after 
treatment revealed that patients with ARDS who survived after treatment with low-
dose inhaled NO had significantly better values for selected pulmonary function 
tests83 (also see Chapter 101).

 •  The vasodilatory response to inhaled NO is variable in patients with valvular heart 
disease. The variability of dilator response is likely to be related to the balance of 
pulmonary vascular remodeling and active vasoconstriction.89

 •  Although inhaled NO does not appear to affect systemic vascular resistance, 
inhaled NO exerts a variety of systemic effects. Inhaled NO inhibits platelet 
function,54 attenuates ischemia-reperfusion injury of extrapulmonary organs,125 
and reverses the adverse effects of free hemoglobin in the circulation.

 •  Inhaled epoprostenol has been used as a selective pulmonary vasodilator in adult 
and pediatric patients.164 The efficacy and safety profile of inhaled epoprostenol 
have not been established. No general consensus exists as to when and how to use 
these inhaled vasodilators.



c

n

s

n

e

o

i
i

l

u

i

i

h

D

h
O

Chapter 104: Nitri

INTRODUCTION

Pulmonary hypertension often complicates patient care 
in the surgical units and intensive care units (ICUs). 
Severe acute pulmonary hypertension may produce right 
ventricular (RV) failure. Pulmonary hypertension and RV 
failure may reduce left ventricular (LV) filling, decrease car-
diac output, and lead to systemic hypotension. Decreased 
arterial blood pressure may compromise RV coronary per-
fusion at a time when RV end-diastolic pressures and RV 
myocardial oxygen consumption are increased as a result 
of increased RV wall tension, thereby leading to RV isch-
emia.1 RV ischemia will exacerbate RV failure, causing a 
further reduction in cardiac output and blood pressure 
(Fig. 104-1). This vicious cycle may continue unless the 
pulmonary artery pressure (PAP) is reduced, permitting an 
increased RV ejection fraction. Unfortunately, treatment 
of pulmonary hypertension with intravenous vasodila-
tors may worsen the systemic hypotension. Inhalation 
of nitric oxide (NO) produces selective pulmonary vaso-
dilation without reducing the systemic arterial pressure 
in patients with acute or chronic pulmonary hyperten-
sion. Additionally, a number of other inhaled pulmonary 
vasodilators are now described in the literature, which 
might provide potential alternatives to inhaled NO. In 
this chapter, the theoretic background, current uses, 
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Pulmonary hypertension

Increased RV afterload

Increased RV end-
diastolic volume

Intraventricular
septal shift

Increased RV
oxygen demand

RV dysfunction

RV ischemia
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coronary perfusion
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and systemic
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Figure 104-1. Vicious cycle of right ventricular (RV) failure triggered 
by pulmonary hypertension. CO, Cardiac output; LVEF, left ventricular 
ejection fraction.
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d future therapeutic potential of inhaled NO and other 
haled pulmonary vasodilators are discussed.

HALED NITRIC OXIDE

ce the recognition of NO as a key endothelial-derived 
sodilator molecule in 1987, the field of NO research 
s expanded to encompass many areas of biomedical 
earch. NO is an important signaling molecule through-
t the body. Endogenous NO is produced from oxygen 
d l-arginine by a group of enzymes called nitric oxide 
thases (NOSs) with l-citrulline as a by-product. Most of 

e effects of NO in the cardiovascular system are medi-
d by the activation of the enzyme soluble guanylate 

clase (sGC), which catalyzes the formation of the sec-
d messenger cyclic guanosine monophosphate (cGMP) 
m guanosine-5’-triphosphate (GTP). NO may directly 

odulate other signaling systems. For example, NO is 
rectly involved in posttranslational protein modifica-
n, including nitrosylation of proteins (Fig. 104-2).
In 1991, Frostell and colleagues demonstrated a thera-
utic potential for inhaled NO to act as a selective pul-
onary vasodilator; they showed that breathing NO gas 
oduced rapid and profound pulmonary vasodilation in 
 awake lamb model of pulmonary hypertension pro-
ced by the infusion of a stable thromboxane analogue2  
g. 104-3). Because NO rapidly binds to hemoglobin (Hb) 
th a high affinity, the vasodilatory effect of inhaled NO 
limited to the lung, which is in sharp contrast to intra-
nously infused vasodilators that often cause systemic 
sodilation and can lead to systemic arterial hypoten-
n. This unique ability of inhaled NO to cause highly 
ective pulmonary vasodilation has prompted a large 
mber of preclinical and clinical studies. The early pilot 
dies also demonstrated that inhaled NO therapy rap-

ly improves oxygenation without causing systemic 
potension in newborns who are critically ill with acute 
lmonary hypertension.3,4 Subsequently, the efforts of 
any research groups studying animals and patients led 
 the approval of inhaled NO by the U.S. Food and Drug 
ministration in 1999, by the European Medicine Evalu-
on Agency and European Commission in 2001, and by 
e Ministry of Health, Labour and Welfare in Japan in 
08.5-8

Inhaled NO may play an important role in treating 
lmonary hypertension in pediatric and adult patients 
th respiratory and cardiac failure, in determining 
e vasodilatory capacity of the pulmonary vascular 
d, and, perhaps, in preventing the development of 
ronic lung disease in infants with lung injury (also see 
apter 95).

YSICAL PROPERTIES, METHODS OF 
MINISTRATION, AND MECHANISM  

F ACTION

emistry of Nitric Oxide Gas
 is a colorless and odorless gas that is only slightly 

luble in water.9 Atmospheric concentrations of NO 
ually range between 10 and 500 parts per billion (ppb) 
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Figure 104-2. Nitric oxide (NO) signaling path-
way. cGMP, Cyclic guanosine monophosphate; 
GMP, guanosine monophosphate; GTP, guanosine-
5’-triphosphate; NF-κB, nuclear factor kappa–B.
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Figure 104-3. Effects of inhaling nitric oxide (NO) at 80 parts per million (PPM) in a lamb with pulmonary hypertension induced by an infusion 
of U46619, a stable thromboxane analogue. Inhaling NO decreases the pulmonary artery pressure (PAP) without affecting the left atrial pressure 
(LAP) or the systemic arterial pressure (SAP). CO, Cardiac output. (From Frostell C, Fratacci MD, Wain JC, et al: Inhaled nitric oxide. A selective pulmo-
nary vasodilator reversing hypoxic pulmonary vasoconstriction, Circulation 83:2038-2047, 1991. Used with permission.)
by volume but can exceed 1.5 parts per million (ppm) in 
areas of heavy traffic or lightning.10 In the inhaled smoke 
of a burning cigarette, NO is produced by the oxidation of 
nitrogen from the atmosphere and nitrogen-containing 
compounds in the tobacco and can reach levels of 1000 
ppm.11 NO is unstable in air and undergoes spontaneous 
oxidation to form the more toxic nitrogen oxides (NO2, 
N2O4). NO is therefore stored in cylinders and diluted in 
an inert gas, usually nitrogen.

Delivery and Monitoring of Inhaled  
Nitric Oxide
NO can be safely inhaled when delivered by facemask, 
nasal cannula, or endotracheal tube. Carefully regulating 
the concentration of NO and its exposure time to oxy-
gen is important, which can be achieved using several 
commercially available systems. Although NO and NO2 
are more accurately measured by chemiluminescence 
devices, electrochemical detectors have proved adequate 
for the measurement of inhaled NO and are integrated 
components of several clinical delivery systems. Inhaled 
NO has also been administered long term via pulsed nasal 
delivery in clinical trials.12 Although a concern existed 
that workers in ICUs would passively inhale NO, this has 
not become a problem because the levels of NO in the 
ICU air remain quite low.13

Nitric Oxide/Cyclic Guanosine 
Monophosphate Signal Transduction System
After inhalation, NO rapidly diffuses across the alve-
olar-capillary membrane into the subjacent smooth 
muscle of pulmonary vessels (Fig. 104-4). NO stimulates 
sGC to synthesize cGMP that, in turn, activates cGMP-
dependent protein kinase G (PKG), leading to vascular 
relaxation. The physiologic actions of cGMP are limited 
by its hydrolysis to guanosine monophosphate (GMP) 

ncbi-n:U46619
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Figure 104-4. Schematic of the nitric oxide (NO) signaling pathway in the lung. NO, formed by endothelial cells or administered by inhala-
tion, diffuses to vascular smooth muscle cells. Numerous targets of NO contribute to the wide variety of effects of this molecule on the cardio-
vascular system. One of the primary targets for NO is soluble guanylate cyclase (sGC). NO binds to the heme moiety of sGC and stimulates the 
synthesis of the intracellular second messenger cyclic guanosine monophosphate (cGMP). cGMP interacts with a variety of targets, including 
ion channels, cGMP-regulated phosphodiesterases (PDEs), and cGMP-dependent protein kinases G (PKG). PKGs have been shown to phos-
phorylate various proteins in vascular smooth muscle cells. PDEs metabolize cGMP to GMP. On arrival in the bloodstream, the majority of NO 
rapidly binds to hemoglobin with high affinity, whereas small amounts of NO may remain to react with other molecules, including proteins. 
GMP, Guanosine monophosphate; GTP, guanosine-5’-triphosphate; Hb, hemoglobin; L-arg, L-arginine; NO2

−, nitrite; NO3
−, nitrate; NOS, nitric 

oxide synthase; O2, oxygen; RSNO, S-nitrosothiol. (From Ichinose F, Roberts JD Jr, Zapol WM: Inhaled nitric oxide: a selective pulmonary vasodilator: 
current uses and therapeutic potential, Circulation 109:3106-3111, 2004. Used with permission).
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and by export from the cell. A family of cyclic nucleo-
tide phosphodiesterases (PDEs) is known to hydrolyze 
cyclic nucleotides. Of the 11 reported PDE isozymes, 
PDE type 5 is considered to be the most active cGMP, 
hydrolyzing PDE in smooth muscle.14 PDE type 5 has 
a high affinity for cGMP and is selectively inhibited by 
PDE inhibitors, such as Zaprinast, sildenafil, and varde-
nafil. In addition to its pulmonary vasodilating effects, 
inhaled NO has several other effects in the lung. For 
instance, inhaled NO causes bronchodilation15,16 
and possesses antiinflammatory17 and antiprolif-
erative18 effects. NO can also elicit effects via cGMP- 
independent mechanisms, including interactions with 
heme-containing molecules (in addition to sGC) and 
proteins containing reactive thiol groups.19 NO inter-
acts with the superoxide radical (O2

−), thereby limiting 
NO bioavailability and resulting in the formation of 
the potent oxidant peroxynitrite (ONOO−). In the pres-
ence of oxygenated Hb, NO is rapidly metabolized to 
nitrate with the formation of methemoglobin (metHb). 
Within red blood cells, electron donors rapidly convert 
metHb back to ferrous Hb.
nhancement of Ventilation-Perfusion 
atching by Nitric Oxide Inhalation

he intrapulmonary distribution of blood flow and ven-
ilation (ventilation-perfusion [V̇/Q̇ ] distribution) is a 

ajor determinant of the efficiency of transpulmonary 
xygenation and determines the partial arterial pres-
ure of oxygen (PaO2). In the normal, healthy lung, 
he majority of ventilated areas are well perfused. The 
hunt from the right to the left side of the circulation 
s mainly extrapulmonary (e.g., bronchial veins) and is 
ess than 5% to 8% of cardiac output.20 In the normal 
ung, local alveolar hypoxia constricts the vascular bed 
djacent to hypoxic regions and redistributes blood flow 
oward lung regions with better ventilation and a higher 
ntraalveolar partial pressure of oxygen (PO2). Inhaled 
O may amplify this mechanism by increasing blood 
ow to well-ventilated lung areas, which may, in some 
iseases, have an increased vasomotor tone. This inhaled 
asodilatory effect is in marked contrast to the effect of 
ntravenously administered vasodilators, which produce 
iffuse dilation of the pulmonary vasculature, thereby 

ncreasing blood flow to areas of nonventilated lung and 
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Figure 104-5. Diagram illustrating the differ-
ing pathophysiologic effects of inhaled pulmo-
nary vasodilators and intravenous vasodilators. 
NO, Nitric oxide; PaO2, arterial partial pressure 
of oxygen; PDE5, phosphodiesterase 5; PGI2, 
prostaglandin I2; PVR, pulmonary vascular 
resistance; Qs/Qt, right-to-left shunt fraction; 
SNP, sodium nitroprusside; SVR, systemic vas-
cular resistance; TNG, nitroglycerine.
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increasing intrapulmonary shunting and reducing the 
PaO2. In contrast, inhaled NO should selectively improve 
the perfusion of ventilated regions, thereby reducing 
intrapulmonary shunting and improving arterial oxygen-
ation (Fig. 104-5). These beneficial effects of inhaled NO 
on intrapulmonary shunting and oxygenation have been 
demonstrated in some adult and pediatric patients with 
acute respiratory distress syndrome (ARDS).21,22 Unfortu-
nately, this effect can, at times, be transient.23

CLINICAL USE OF INHALED NITRIC OXIDE

Perinatal and Pediatric Uses of Inhaled 
Nitric Oxide
Nitric Oxide is aN impOrtaNt regulatOry mOlecule 
iN the periNatal luNg. Several studies indicate that 
NO plays an important role in modulating the pulmo-
nary vascular resistance (PVR) at birth. For example, in 
the developing lungs of several animals, NOS and sGC 
expression levels and signaling increase late in gestation, 
are maximal in the postnatal period, and decrease in the 
adult.24-26 Moreover, because NOS inhibitors attenuate 
the reduction of PVR at birth,27,28 NO signaling likely 
plays a critical role in the transition from the fetal to the 
newborn pulmonary circulatory system.

Many forms of newborn and infant lung disease are 
associated with endothelial cell injury and decreased NO/
cGMP signaling. Studies in newborns suggest that prema-
ture constriction of the ductus arteriosus, septic mediators,  
and meconium aspiration all cause pulmonary endo-
thelial cell injury. For example, in utero ligation of the 
ductus arteriosus in the fetal lamb causes flow-induced 
endothelial cell dysfunction and decreases the expression 
of endothelial NOS (NOS3)29 and vasorelaxation caused 
by NO.30 Moreover, cardiac lesions, such as atrial and 
ventricular septal defects, atrioventricular canals, persis-
tent ductus arteriosus, and transposition of the great ves-
sels without a ventricular septal defect, cause endothelial 
cell injury, decrease NO-mediated pulmonary vasorelax-
ant activity, and lead to pulmonary hypertension.31

NO/cGMP signaling plays an important role in regulat-
ing lung development. For example, in mildly hypoxemic 
NOS3-deficient newborn mice, alveolar development is 
severely inhibited in a manner that can be improved by 
NO inhalation.32,33 Moreover, in perinatal models of pul-
monary vascular disease, in which NO activity has been 
observed to be decreased, inhaled NO improves the devel-
opment of peripheral pulmonary arteries.34

experimeNtal studies Of the selective pulmONary  
vasOdilatOr effects Of iNhaled Nitric Oxide iN the 
NewbOrN. Several investigations using newborn animals 
have demonstrated that inhaled NO decreases pulmonary 
hypertension. For example, in fetal lambs with an intact 
placental circulation, inhaled NO decreased the PVR.35 
Similarly, in newborn lambs with pulmonary vasocon-
striction associated with hypoxemia, inhaled NO was 
observed to decrease the PVR and increase lung cGMP 
levels in a manner that was not modified by acidosis.36 
Importantly, in the latter study, inhaled NO did not cause 
systemic vasodilation; breathing up to 80 ppm NO did 
not decrease either systemic vascular resistance or blood 
pressure. Inhaled NO also reversed vasoconstriction in 
newborn animals with pulmonary vascular remodel-
ing. In newborn lambs with pulmonary vascular disease 
induced by premature ligation of the ductus arteriosus 
and associated with muscularization of peripheral arter-
ies in the lung periphery, inhaled NO caused dose-depen-
dent vasodilation and improved systemic oxygenation 
and the survival rate.37,38

iNhaled Nitric Oxide caN atteNuate pulmONary disease 
iN NewbOrN aNimals. In newborn rats, lung injury as a 
result of sustained hypoxia or exposure to endothelial 
toxins, for example, causes pulmonary artery muscular-
ization and hypertension that is similar to that observed 
in patients with pulmonary artery hypertension (PAH) 
and many forms of congenital heart disease. In these 
models, prolonged NO inhalation has been reported to 
attenuate pulmonary vascular remodeling and RV hyper-
trophy in the newborn who is chronically hypoxic.34 
Importantly, it appears that breathing NO can inhibit 
pulmonary vascular remodeling even in the absence of 
pulmonary hypertension. Roberts and colleagues reported 
that in newborn rats with monocrotaline-induced endo-
thelial injury, inhaled NO decreased the abnormal pro-
liferation of cells in the walls of the pulmonary arteries 
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and prevented abnormal pulmonary vascular remodeling 
even before the development of pulmonary hyperten-
sion.18 These findings suggest that inhaled NO may play 
an important role in modifying the abnormal vascular 
development and secondary pulmonary hypertension of 
the injured newborn lung.

Lung injury decreases alveolar and pulmonary micro-
vascular development in premature lambs and baboons 
and in newborn mice and rats.39 Inhaled NO probably 
promotes the development of the injured maturing lung. 
For example, prolonged NO inhalation increases alveo-
logenesis in chronically ventilated premature baboons40 
and lambs.41 Moreover, inhaled NO improves alveo-
lar development in mice after hyperoxic lung injury.42 
The mechanisms responsible for the protective effects 
of inhaled NO in alveologenesis are unknown. The pul-
monary vasculature regulates alveolar development,43 
and inhaled NO protects the newborn lung vessels from 
injury.34 Further, inhaled NO possibly protects the lung 
via its effects on the microvasculature. The observation 
that inhaled NO improves alveolarization in rat pups that 
have decreased microvascular development supports this 
concept.44 However, NO may regulate the homeostasis 
of other cells or may modulate other signaling systems, 
thereby regulating or contributing to lung development

iNhaled Nitric Oxide iNcreases systemic OxygeNatiON 
iN hypOxemic NewbOrNs with pulmONary hyperteNsiON. 
Pilot studies revealed that inhalation of NO increases sys-
temic oxygenation in newborns with pulmonary hyper-
tension and severe hypoxemia.3,4 The ability of inhaled 
NO to increase systemic oxygen levels was confirmed 
in several multicenter randomized controlled studies of 
term and near-term infants with hypoxemia and pulmo-
nary hypertension.6,8 In one study, systemic oxygenation 
increased in nearly one-half of the patients with severe 
persistent pulmonary hypertension of the newborn 
(PPHN) and who received inhaled NO.6 Importantly, 
the magnitude of the increase in oxygen levels in new-
borns treated with inhaled NO was directly proportional 
to the degree of hypoxia before NO inhalation, and the 
increased systemic oxygenation of the NO-breathing 
infants was maintained in 75% of the patients. In another 
study, the optimal concentration of inhaled NO level 
was investigated.45 Although the maximum increase in 
systemic oxygenation was observed in infants breathing  
80 ppm NO, as little as 5 to 20 ppm NO increased the 
arterial oxygen levels above those measured in newborns 
not breathing NO. Inhaled NO decreases the need for 
extracorporeal membrane oxygenation (ECMO), an inva-
sive procedure requiring systemic heparinization.6,8

iNhaled Nitric Oxide iN brONchOpulmONary dysplasia. 
Bronchopulmonary dysplasia (BPD) is an important 
chronic lung disease of prematurely born infants that 
results, in part, from the inhibition or disruption of nor-
mal pulmonary alveolar and microvascular development 
as a result of oxygen- and ventilator-induced lung injury.46 
Although an early study suggested that inhaled NO did 
not decrease the incidence of BPD,47 a subsequent single-
center trial involving 207 premature infants conducted 
by Schreiber and colleagues suggested that inhaled NO 
Nitric Oxide and Other Inhaled Pulmonary Vasodilators 3089

decreases the incidence of BPD and death in prematurely 
born infants.48 These observations were supported by the 
results from a later multicenter trial during which inhaled 
NO was noted to decrease the rate of BPD and death in pre-
mature infants with a birth weight greater than 1000 g.49  
In a more recent study of 793 newborns who were 34 
weeks’ gestational age or younger, Kinsella and colleagues 
reported that inhaled NO decreased the incidence of BPD 
in the subset of 129 infants with a birth weight of at least 
1000 g.50 Moreover, in another randomized multicenter 
study of 582 premature infants with a birth weight of 
1250 g or less, during which inhaled NO was commenced 
7 to 21 days after birth, Ballard and co-workers reported 
that NO inhalation improved survival and reduced the 
incidence of BPD.51 Although these results are encourag-
ing when considered together, additional studies need to 
be performed before the role of inhaled NO in preventing 
BPD can be defined.

safety Of iNhaled Nitric Oxide iN the NewbOrN. Although 
studies in newborns and infants suggest that prolonged 
inhalation of NO is safe,52 the long-term pulmonary and 
extrapulmonary effects of inhaled NO are unknown. In 
particular, the effects of chronic NO inhalation on nor-
mal pulmonary cell proliferation and differentiation, as 
well as on alveolar and microvascular development, are 
unknown.

NO can increase cGMP levels in platelets and inhibit 
their function.53 The potential of inhaled NO to alter 
platelet function54 is of particular concern for immature 
infants, since abnormal hemostatic activity might increase 
the incidence or evolution of intraventricular hemorrhage 
(IVH) and associated neurologic injury. In one study, 
breathing NO was associated with increased mortality 
and rates of IVH in infants weighing 1000 g or less.49 
Nevertheless, inhaled NO exposure does not increase the 
incidence or severity of IVH in premature babies.47,48,51 
In fact, in one large study of premature infants, inhaled 
NO was reported to decrease the frequency of IVH and its 
sequelae.52

It is uncertain whether an improvement in pulmonary 
disease in some premature babies who breathed NO is 
associated with an improved neurologic development. 
In a European multicenter trial of nearly 100 premature 
infants, inhaled NO was not observed to affect the inci-
dence of death or severe disability at 1 year corrected for 
postnatal age.55 In a follow-up study of the randomized 
multicenter trial of inhaled NO in premature infants pre-
viously mentioned, inhaled NO had no adverse neuro-
developmental effects at 2 years of age.56 On the other 
hand, a more rigorous evaluation of older premature 
infants treated in another trial suggests that inhaled NO 
can improve neurologic outcomes57 (also see Chapter 95).

Uses of Inhaled Nitric Oxide in Adult 
Patients With Cardiopulmonary Diseases
pulmONary vasOreactivity testiNg iN the cardiac 
catheterizatiON labOratOry. Demonstration of a posi-
tive response to vasodilating agents in patients with 
pulmonary hypertension correlates with an improved 
long-term clinical outcome and has been used to guide 
medical therapy.58 Whereas a number of vasodilators, 
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including intravenous prostacyclin and calcium channel 
blockers, have been used for diagnostic testing during 
cardiac catheterization, such circulating agents produce 
systemic vasodilation and increase the intrapulmonary 
right-to-left shunt.59 In contrast, inhaled NO is a safe 
and effective agent to determine the pulmonary circula-
tion’s capacity for vasodilation in pediatric60,61 and adult 
patients62,63 with pulmonary hypertension; doses of 20 
to 80 ppm for 5 to 10 minutes are typically used. In these 
patients, selective pulmonary vasodilation during NO 
breathing correlates with a subsequent response to oral 
and systemically active vasodilators.64,65 A preoperative 
hemodynamic evaluation with oxygen and inhaled NO, 
as opposed to a test with oxygen alone, is suggested to 
identify more accurately those patients with pulmonary 
hypertension who will be the most appropriate candi-
dates for corrective cardiac surgery or transplantation.66 
In 1998, inhaled NO was the primary vasodilator used 
to test pulmonary vascular responsiveness in 32% of 
U.S. tertiary hospitals.67 According to a survey in 2000, 
94% of pediatric cardiologists consider inhaled NO to be 
a clinically proven agent to test pulmonary vasoreactiv-
ity in the cardiac catheterization laboratory68 (also see 
Chapter 67).

treatmeNt Of chrONic pulmONary hyperteNsiON with 
iNhaled Nitric Oxide. Current treatment approach for 
chronic pulmonary hypertension includes prostacyclin 
(prostaglandin I2 [PGI2]) and its analogues, endothelin 
receptor–1 antagonists (ERAs), and PDE type 5 inhibi-
tors.69,70 Although the continuous administration of 
intravenous prostacyclin (epoprostenol) is associated 
with improved survival and exercise tolerance,71 indwell-
ing central venous catheters carry the risk of bacteremia. 
The feasibility of an ambulatory NO delivery system has 
been reported in a small number of patients with per-
sistent pulmonary hypertension (PPH).72,73 The safety 
and efficacy of long-term domiciliary NO inhalation 
requires investigation in larger patient populations.69,74-76 
Although PGI2 analogues, ERAs, and PDE type 5 inhibi-
tors are the mainstays of the current treatment for pulmo-
nary hypertension, all have systemic effects in addition to 
their pulmonary effects that can cause unfortunate side 
effects. In patients who do not tolerate systemic effects of 
these orally active medications, long-term therapy with 
inhaled NO may be considered.

treatmeNt Of cardiOgeNic shOck as a result Of right 
veNtricular myOcardial iNfarctiON. RV injury and dys-
function may complicate inferior myocardial infarction 
(MI) as a result of right coronary artery occlusion. If coro-
nary revascularization is delayed, then cardiogenic shock 
may develop, despite preserved LV function, and is associ-
ated with a high frequency of mortality. In a small series 
of patients with cardiogenic shock as a result of right ven-
tricular myocardial infarction (RVMI), Inglessis and col-
leagues reported that unloading the RV by breathing NO 
80 ppm acutely improved cardiac index by approximately 
25%.77 In patients with RVMI and a patent foramen ovale, 
treatment with inhaled NO significantly reduced the 
right-to-left shunt and improved systemic oxygenation. 
Further studies are required to determine whether NO 
inhalation will decrease morbidity and mortality associ-
ated with RVMI.

acute respiratOry distress syNdrOme iN adults. In 
clinical studies of patients with severe ARDS, inhaled NO 
produced selective pulmonary vasodilation,21 decreased 
pulmonary capillary pressure78 and pulmonary trans-
vascular albumin flux,79 and improved oxygenation.21 
Although these clinical studies, as well as a number of 
studies in animal models of acute lung injury (ALI), have 
demonstrated a physiologic benefit of inhaled NO therapy, 
subsequent clinical trials reported disappointing outcome 
results. A randomized, double-blinded, placebo-con-
trolled trial of 177 patients (average entry PaO2/fraction  
of inspired oxygen concentration [FiO] ∼129 mm Hg) 
treated with various concentrations of inhaled NO (1.25 
to 80 ppm) versus a placebo failed to find a difference 
in either the mortality rate or the number of days alive 
and off mechanical ventilation.80 A prospective, random-
ized, unblinded European multicenter trial of inhaled NO 
in patients with ALI (n = 286, average entry PaO2/FiO2 
∼105 mm Hg) also demonstrated no effect on mortal-
ity or the duration of mechanical ventilation; however, 
the frequency of development of severe respiratory fail-
ure from milder respiratory failure was decreased with 
inhaled NO.81 Subsequently, a large-scale, randomized, 
blinded, placebo-controlled study carried out in the ICUs 
of 46 U.S. hospitals evaluated the efficacy of low-dose  
(5 ppm) inhaled NO in 385 patients with moderately 
severe ALI (also see Chapter 101). Results of an intent-
to-treat analysis revealed that inhaled NO had no signifi-
cant benefit versus control (nitrogen gas) as it related to 
mortality (23% versus 20%, respectively), days alive and 
off assisted breathing (mean, 10.7 versus 10.6 days), or 
days alive and meeting oxygenation criteria for extuba-
tion (mean, 16.7 versus 17.0 days). Treatment, however, 
resulted in a significant increase (P < .05) in PaO2 dur-
ing the initial 24 hours of treatment, with improvement 
resolved by 48 hours.82 Interestingly, a long-term follow-
up at 6 months after treatment revealed that patients 
with ARDs who survived after treatment with low-dose 
inhaled NO had significantly better values for selected 
pulmonary function tests (e.g., total lung capacity [TLC], 
forced expiratory volume in 1 second [FEV1], forced vital 
capacity [FVC], FEV1/FVC) at 6 months after treatment 
than patients treated with placebo.83 Further trials may 
be warranted to determine the effects of inhaled NO on 
chronic lung function in survivors of ARDS, a factor in 
long-term morbidity and quality of life in this population.

chrONic Obstructive pulmONary disease. Pulmonary 
hypertension and hypoxemia frequently complicate 
severe chronic obstructive pulmonary disease (COPD). 
Primarily, V̇/Q̇  mismatching causes systemic hypoxemia 
in COPD, not intrapulmonary right-to-left shunting as 
in ARDS. Hypoxic pulmonary vasoconstriction diverts 
venous blood flow to better-ventilated lung regions, 
thereby improving arterial oxygenation. Although 
inhaled NO is a more potent pulmonary vasodilator than 
oxygen in COPD, breathing inhaled NO admixed with air 
may produce vasodilation of poorly ventilated regions of 
the obstructed lung without receiving sufficient oxygen 
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replenishment. Increasing blood flow with inhaled NO to 
these hypoventilated lung areas can reduce the transcu-
taneous arterial oxygen tension84 and PaO2.85 However, 
when NO gas is inhaled in combination with modest 
oxygen enrichment (1 L/min via facemask),86 the PaO2 
is increased to a greater extent than with oxygen therapy 
alone. Along these lines, a recent controlled prospective 
randomized trial demonstrated that the combined use 
of supplemental oxygen and inhaled NO for 3 months 
via a portable inspiratory pulsing device caused a greater 
improvement of pulmonary hemodynamics than supple-
mental oxygen alone and did not worsen the oxygen-
ation of patients with COPD.87 Further studies are needed 
to determine the effect of long-term ambulatory breath-
ing of pulsed NO and oxygen on the quality of life and 
mortality rate of patients with severe COPD.

Treatment of Perioperative Pulmonary 
Hypertension With Inhaled Nitric Oxide
cOrONary artery bypass graftiNg. Pulmonary hyper-
tension often complicates the management of patients 
during and after cardiopulmonary bypass (CPB) surgery 
(also see Chapter 67). A number of uncontrolled stud-
ies have demonstrated that 20 to 40 ppm inhaled NO 
effectively decreases the PAP after coronary artery bypass 
grafting (CABG), even in patients without significant pre-
operative pulmonary hypertension.88-90 Although these 
results suggest a role for inhaled NO in treating transient 
pulmonary hypertension after CPB surgery, whether 
inhaled NO can improve the clinically important out-
comes of patients undergoing CABG is unknown. A large 
prospective randomized trial would be needed to define a 
role for inhaled NO in this patient population.

cONgeNital heart disease. Postoperative pulmonary 
hypertensive crises are an important cause of morbid-
ity and mortality after congenital heart surgery91,92 and 
may be precipitated by diminished NO bioavailability 
as a result of endothelial dysfunction.31,93 PAH and sub-
sequent heart failure is associated with certain types of 
congenital heart defects, particularly those with increased 
pulmonary blood flow (e.g., ventricular septal defect and 
atrioventricular [AV] canal). Inhaled NO ameliorates the 
postoperative pulmonary hypertension of congenital 
heart disease94,95 and decreases the need for postoperative 
ECMO.96 In a randomized double-blind study, Miller and 
colleagues examined the effects of the prophylactic use 
of inhaled NO in high-risk infants undergoing congenital 
heart surgery97 (also see Chapter 94). In this study, 124 
patients were randomized before surgery, and inclusion 
in the study did not depend on the presence of pulmo-
nary hypertension. They reported that, as compared with 
a placebo, infants who continuously inhaled 10 ppm NO 
from after surgery until just before extubation had fewer 
pulmonary hypertensive crises and a shorter time to eligi-
bility for extubation. These studies indicate that inhaled 
NO safely decreases postoperative pulmonary hyperten-
sion in patients after surgery for congenital heart disease. 
Further studies are needed to test whether inhaled NO 
should be used after CPB surgery in all patients with con-
genital heart disease to decrease their perioperative mor-
bidity and mortality.
itric Oxide and Other Inhaled Pulmonary Vasodilators 3091

valvular heart disease. Patients with chronic mitral 
valve disease may have preoperative pulmonary hyper-
tension caused by retrograde transmission of an elevated 
left atrial pressure (also see Chapter 67). After mitral valve 
repair or replacement, pulmonary vascular remodeling 
and vasoconstriction may persist or slowly decrease. It has 
been reported that the vasodilatory response to inhaled 
NO is variable in patients with valvular heart disease.89,98 
The variability of dilator response is likely to be related 
to the balance of pulmonary vascular remodeling and 
active vasoconstriction. Treatment with inhaled NO after 
repair of valvular heart disease can relieve the vasocon-
strictor component of pulmonary hypertension in these 
patients.99 Whether inhaled NO can alter the clinical out-
come of patients after valvular heart surgery is unknown.

cardiac traNsplaNtatiON. Pulmonary hypertension in 
the recipient undergoing cardiac transplantation is a 
major cause of right heart failure and early death. Goals 
in the management of acute RV failure include the pres-
ervation of coronary perfusion through the maintenance 
of systemic blood pressure and reducing RV afterload by 
decreasing the PVR.100 In contrast to therapy with intra-
venous vasodilators that often cause systemic hypoten-
sion, inhaled NO has been shown using a small group 
of patients to selectively reduce PVR and enhance RV 
stroke work after cardiac transplantation.101 A positive 
pulmonary vasodilator response to NO inhalation has 
been used as a criterion to select patients for cardiac  
transplantation.102

iNsertiON Of left veNtricular assist device. RV dys-
function occurs in 20% to 50% of patients after insertion 
of a left ventricular assist device (LVAD).103 The ability 
of the RV to pump sufficient quantities of blood to the 
LVAD is critically related to the intrinsic contractility of 
the RV and the RV afterload, which is influenced by the 
PVR. The PVR is usually elevated in long-standing con-
gestive heart failure and can be further increased in the 
early postoperative period by the effects of CPB surgery. 
Inhaled NO has been shown to decrease the PVR effec-
tively in the setting of RV dysfunction after LVAD inser-
tion.104 A trial of inhaled NO is recommended before 
considering implantation of a RV assist device, as this 
invasive procedure may be avoided if the response to 
inhaled NO is salutary105 (also see Chapter 67). Although 
a small randomized, double-blinded trial demonstrated 
the hemodynamic benefits of inhaled NO (decreased PAP 
and increased LVAD flow) in patients with pulmonary 
hypertension who received an LVAD,106 a recent larger 
clinical trial failed to show beneficial effects of NO inhala-
tion after LVAD insertion.107

treatmeNt Of pulmONary ischemia-reperfusiON iNjury. 
Ischemia-reperfusion (I-R) injury is one of the major 
causes of early graft failure after lung transplantation. 
Adhesion and sequestration of activated leukocytes by 
activated pulmonary endothelium are believed to be 
important mechanisms of I-R injury. NO possesses antiin-
flammatory properties, and inhaled NO has been shown 
to attenuate pulmonary I-R injury in preclinical studies.108 
Although two uncontrolled clinical studies suggested that 
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inhaled NO may prevent lung I-R injury,109,110 a small 
randomized, placebo-controlled study demonstrated that 
inhaling 20 ppm NO commencing 10 minutes after reper-
fusion did not affect the physiologic or clinical outcome 
of patients after lung transplantation.111 Additional stud-
ies are required to define the therapeutic role of inhaled 
NO in patients who have developed an I-R injury after 
lung transplantation.

EXTRAPULMONARY EFFECTS OF 
BREATHING NITRIC OXIDE

Because breathing NO decreased the PVR without alter-
ing systemic blood pressure, an initial proposal suggested 
that the action of inhaled NO was limited to the lungs. It 
was hypothesized that any NO reaching the bloodstream 
would be rapidly scavenged by oxygenated Hb, leading to 
the production of nitrate and metHb.2 However, as early 
as 1993, evidence began to accumulate that NO inhala-
tion could inhibit platelet function.54 Subsequently, stud-
ies describing a wide range of systemic effects of breathing 
NO were published, as summarized recently by McMahon 
and Doctor112 and highlighted in Table 104-1. In this sec-
tion, the ability of NO inhalation to decrease I-R injury is 
reviewed, and the circumstances during which breathing 
NO can modulate systemic vascular tone are discussed. 
In addition, potential mechanisms by which inhaled NO 
may exert its systemic effects are outlined.

Inhaled Nitric Oxide and Platelet Function
The ability of NO-donor compounds to inhibit platelet 
function is well known, but systemic hypotension limits 
the therapeutic application of their antithrombotic effects. 
In 1993, Hogman and colleagues first reported that breath-
ing NO (30 ppm) could prolong the bleeding time in rab-
bits and healthy human subjects.54 Subsequent reports 
from multiple research groups presented conflicting data 
with some investigators reporting that breathing NO 
increased bleeding time in neonates and adults and others 
reporting that NO inhalation did not alter either bleed-
ing time nor platelet function. A recent randomized con-
trolled blinded crossover study showed that inhaled NO, 
when administered with heparin, exhibited no significant 
additive effects on activated clotting time, prothrombin 
time, activated prothrombin time, bleeding time, or plate-
let aggregation.113 On the other hand, the observation that 
breathing NO could decrease platelet function led other 
investigators to examine in animal models whether NO 
inhalation could be used to treat vascular diseases associ-
ated with platelet activation. For example, Semigran and 
TABLE 104-1 BIOLOGIC EFFECTS OF BREATHING NITRIC OXIDE WITH SELECTED PHYSIOLOGIC IMPACTS  
AND POTENTIAL THERAPEUTIC APPLICATIONS 

Biologic Effect Impact Therapeutic Application References

Pulmonary vasodilation Reduction in pulmonary artery 
pressure

Pulmonary arterial hypertension 2

Decrease in extrapulmonary 
right-to-left shunting 
and improved systemic 
oxygenation

Pulmonary hypertension of the 
newborn and congenital heart 
disease

3, 4, 94

Decrease in RV afterload RV failure after LVAD placement 106
RVMI complicated by cardiogenic 

shock
(77)

RV failure after cardiac surgery 88
Improved matching of lung 

ventilation and perfusion
Increased systemic oxygenation Acute lung injury or pneumonia 21, 80, 81

Chronic pulmonary disease 87
Pulmonary vascular and alveolar 

development
Decreased vascular SMC 

hyperplasia and increased 
alveolarization in the injured 
developing lung

To prevent or ameliorate pulmonary 
hypertension in infants with 
congenital heart disease and chronic 
lung disease in premature infants

33, 34, 40, 41

Systemic effects of breathing NO Platelet inhibition Decreased thrombosis after coronary 
thrombolysis (dogs)

54, 114

Leukocyte inhibition Improved mesenteric blood flow after 
ischemia and reperfusion (cats)

117

Decreased MI size in cardiac ischemia-
reperfusion injury

121, 122

Supplementation of NO 
scavenged by cell-free Hb

Decreased cell-free Hb-induced 
vasoconstriction and inflammation

132-134

Neuroprotection Improved neurologic function and 
survival after cardiac arrest (mice)

Decreased size of brain infarction 
(mice) and increased cerebral blood 
flow after stroke (sheep)

135-137

Hb, Hemoglobin; LVAD, left ventricular assist device; MI, myocardial infarction; NO, nitric oxide; RV, right ventricular; RVMI, right ventricular myocardial 
infarction; SMC, smooth muscle cell.

Representative references are included.
From Bloch KD, Ichinose F, Robert JD, et al: Inhaled NO as a therapeutic agent, Cardiovasc Res 75:339-348, 2007. Used with permission.
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colleagues reported that in a canine model of coronary 
thrombosis after thrombolysis, breathing 20 and 80 ppm 
NO decreased platelet-mediated thrombosis,114 an effect 
that was augmented by the co-administration of PDE 
inhibitors.115,116 Breathing NO did not prolong the bleed-
ing time or cause systemic hypotension in these studies.

Inhaled Nitric Oxide and Ischemia-Reperfusion  
Injury of Extrapulmonary Organs
Observations that NO can form stable, biologically active 
adducts with protein thiol groups led Kubes and col-
leagues to examine whether inhaled NO could be used to 
deliver NO to peripheral tissues.117 Studying postcapillary 
venules from cats subjected to intestinal ischemia and 
reperfusion, these investigators observed that breathing 
80, not 20, ppm NO prevented the reduction of blood 
flow, the increase in leukocyte activation (i.e., rolling, 
adherence, migration), and vascular leakage. The inves-
tigators also observed that breathing NO prevented the 
arteriolar constriction and neutrophil activation induced 
by the administration of L-NG-nitroarginine methyl ester 
(L-NAME), a NOS inhibitor. Interestingly, inhaled NO did 
not alter neutrophil activation or vascular leakage in endo-
toxin-challenged cats, leading the investigators to propose 
that inhaled NO does not affect peripheral tissues with 
abundant NO (produced by inducible NOS). In contrast, 
Neviere and associates reported that breathing 10 ppm 
NO decreased the adhesion of leukocytes to mesenteric 
venular endothelium of endotoxin-challenged rats.118 
Moreover, breathing NO prevented endotoxin-induced 
cardiac dysfunction and leukocyte accumulation. In a 
subsequent report, Kubes and colleagues reported that, in 
contrast to NO-donor compounds, inhaled NO did not 
prevent the increase in mucosal permeability induced by 
intestinal I-R and suggested that the effects of breathing 
NO were limited to the vascular compartment.119

Based on these observations, Guery and colleagues 
evaluated the ability of breathing NO to preserve cardiac 
function after myocardial I-R injury.120 Hearts from rats 
that had breathed air with or without 10 ppm NO for  
4 hours were isolated and perfused. Coronary perfusion 
was stopped for 30 minutes, followed by reperfusion for 
40 minutes. The investigators observed that pretreatment 
with inhaled NO led to improved systolic and diastolic 
function after I-R. These findings were extended by Hatai-
shi and colleagues who examined the ability of breathing 
NO to decrease cardiac I-R injury in intact mice.121 They 
observed that breathing NO for the final 20 minutes of 
ischemia and for 24 hours after reperfusion decreased MI 
size and improved systolic and diastolic function. Breath-
ing 80 ppm NO decreased MI size similarly after 30, 60, or 
120 minutes of ischemia. Breathing 40 and 80 ppm NO 
equally decreased myocardial I-R injury, but 20 ppm was 
not effective. Breathing NO decreased cardiac neutrophil 
accumulation and leukocyte depletion prevented the ben-
eficial effects of NO on MI size. Observations in rodents 
have recently been extended to a clinically relevant por-
cine model of cardiac I-R injury. Janssens and colleagues 
reported that breathing 80 ppm NO decreased MI size 
and improved myocardial perfusion in pigs subjected to 
50 minutes of cardiac ischemia and 4 hours of reperfu-
sion.122 The ability of inhaled NO to decrease I-R injury 
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f extrapulmonary organs is further suggested in a small 
eries of patients undergoing CPB surgery,123 patients 
fter limb I-R,124 and patients undergoing liver transplan-
ation.125 Based on these considerations, a randomized 
linical trial has been initiated to test whether breathing  
0 ppm can decrease MI size in patients with an ST-segment 
levation MI.

nhaled Nitric Oxide and Systemic  
ascular Tone
hether breathing NO can modulate systemic vascular 

one remains controversial. Clinically significant systemic 
ypotension has not been observed in adults and infants 
ith a wide variety of disorders treated with concentra-

ions up to 80 ppm NO. However, breathing 80 ppm 
O attenuates the ability of L-NAME to increase arterial 
lood pressure in cats.119 Cannon and colleagues reported 
hat breathing 80 ppm NO increased forearm blood flow 
n healthy patients treated with an intrabrachial artery 
nfusion of the NOS inhibitor L-NG-monomethylargi-
ine acetate salt (L-NMMA).126 In contrast, Hataishi and 
olleagues observed that breathing NO did not decrease 
ystemic vascular resistance in L-NAME–treated mice or 
n mice congenitally deficient of NOS3.127

The ability of inhaled NO to decrease systemic vascu-
ar resistance is perhaps clearest in the case of the endo-
helial dysfunction associated with hemolysis, such as 
hat observed during vasoocclusive pain crisis (VOC) of 
ickle cell disease (SCD). Presence of Hb in the plasma 
ay likely induce systemic vasoconstriction via scaveng-

ng of endothelium-derived NO.128 Preclinical studies 
nd small clinical series suggest beneficial effects of NO 
nhalation on VOC of SCD.129,130 Nonetheless, a recent 
rospective, multicenter, double-blind, randomized, pla-
ebo-controlled clinical trial for up to 72 hours of inhaled 
O versus inhaled nitrogen placebo in 150 participants 
ith vasoocclusive pain crisis of SCD showed that the use 
f inhaled NO compared with placebo did not improve 
ime-to-crisis resolution.131

Preclinical studies have also shown beneficial effects 
f inhaled NO against systemic vasoconstriction and 
nflammation associated with transfusion of Hb-based 
xygen carrier (HBOC),132 packed red blood cells stored 
or a prolong period (40 days),133 and cerebral malaria.134 
everal clinical trials are underway to determine the effi-
acy of NO inhalation in various disease states associated 
ith cell-free Hb.

rotecting the Brain Using Inhaled  
itric Oxide
lthough NO-dependent signaling exerts multifaceted 
rotection against I-R injury, the vasodilating effects of 
ystemically administered NO-donor compounds pre-
lude their use in patients with unstable arterial blood 
ressure, which is especially true for patients resuscitated 
rom sudden cardiac arrest (also see Chapter 108). Sudden 
ardiac arrest remains a leading cause of death worldwide. 
espite advances in cardiopulmonary resuscitation (CPR) 
ethods, including the introduction of the automatic 

xternal defibrillator (AED) and therapeutic hypothermia 
TH), only approximately10% of those who have adult 
ut-of-hospital cardiac arrest (OHCA) survive to hospital 
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discharge, and up to 60% of survivors have moderate-to-
severe cognitive deficits 3 months after resuscitation. No 
pharmacologic agent is available to improve the outcome 
from cardiac arrest and CPR.

In a recent preclinical study, Minamishima and col-
leagues evaluated the impact of breathing NO on outcomes 
in mice subjected to cardiac arrest and CPR. These authors 
reported that breathing 40 ppm NO starting 1 hour after 
return of spontaneous circulation (ROSC) and continuing 
for 23 hours (1) improved neurologic and myocardial func-
tion and the survival rate in mice at 10 days, (2) attenuated 
water diffusion abnormality and blood-brain barrier leak-
age at 24 hours (as demonstrated by magnetic resonance 
imaging [MRI] in live mice), (3) prevented apoptotic cell 
death and glial activation in the brain 4 days after cardiac 
arrest, and (4) attenuated inflammatory cytokine induc-
tion in the brain and heart 1 and 4 days, respectively, after 
cardiac arrest.135 The protective effects of NO breathing 
after CPR, if extrapolated to human beings, is highly clini-
cally relevant, because NO inhalation can be started after 
patients are transferred to the hospital and informed con-
sent is obtained.

Subsequent preclinical studies supported the effects 
of inhaled NO. Terpolilli and colleagues showed that 
NO inhalation prevented ischemic brain injury induced 
by middle cerebral artery occlusion in mice and sheep 
by selective dilation of collateral arterioles.136 Similarly, 
inhaled NO was found to reduce brain damage by collat-
eral recruitment in a neonatal stroke model in rat pups.137 
Clinical trials are underway to investigate the neuropro-
tective effects of NO inhalation.

How Does Inhaled Nitric Oxide Exert its 
Systemic Effects?
With the exception of the case of hemolysis, the mech-
anisms by which NO, once inhaled, are able to induce 
responses in the periphery remains incompletely under-
stood. One hypothesis is that during NO inhalation, 
blood cells, including white blood cells and platelets, are 
exposed to NO before the scavenging of the gas by red 
blood cells, and NO-exposed blood cells are responsible 
for the systemic effects of inhaled NO (Fig. 104-6). For 
example, exposure of platelets to NO in the pulmonary 
circulation may inhibit their activation at the site of 
vascular injury. However, this hypothesis does not fully 
account for the dilator effects of breathing NO observed 
in some vascular beds or the observations of Fox-Robi-
chaud and associates,117 who reported that inhaled NO 
did not alter the ability of feline blood leukocytes to bind 
to immobilized platelet monomers ex vivo.

An alternate hypothesis is that some of the inhaled NO 
escapes scavenging by Hb and is carried in a stable, bio-
available form to the periphery (see Fig. 104-6). Loscalzo 
and colleagues proposed that endogenously synthesized 
NO reacts with low- and high-molecular-weight thi-
ols in blood, including serum albumin.138,139 These S- 
nitrosothiols can deliver NO to tissues distant from the 
site of its synthesis. Stamler and colleagues observed 
that NO reacts with the thiol group on Cys93 of the Hb β 
chain; the S-nitrosylation of Hb (SNO-Hb) is dependent 
on the oxygen tension, enabling erythrocytes to load 
Hb in the oxygen-rich environment of the lungs and to 
release low-molecular-weight S-nitrosothiols in the rela-
tively hypoxic periphery.112 NO can be oxidized in blood 
to nitrite, which regenerates NO in the presence of nitrite 
reductases including deoxyhemoglobin.140 Erythrocyte 
SNO-Hb and nitrite have both been implicated as poten-
tial mediators of the systemic vasodilation induced by tis-
sue hypoxia. NO may also react with other plasma species 
that are subsequently capable of regenerating NO, includ-
ing N-nitrosamines, iron-nitrosyls, and nitrated lipids.

Even before it was appreciated that breathing NO could 
selectively dilate the pulmonary vasculature, several 
research groups examined the metabolic fate of inhaled 
NO. In 1975, Oda and colleagues reported NO inhala-
tion led to the formation of nitrosyl-Hb in the blood of 
mice, rats, and rabbits.141 In 1987, Yoshida and Kasama 
reported that breathing 15NO (145 ppm for 123 minutes) 
Figure 104-6. Inhaled nitric oxide (NO) is a 
selective pulmonary vasodilator with actions 
on the systemic vasculature. A schematic of an 
alveolar-capillary unit is presented, highlighting 
the ability of inhaled NO to dilate pulmonary 
arterioles and reduce pulmonary artery pressure 
(PAP). Although inhaled NO does not dilate sys-
temic arterioles or alter systemic arterial pressure 
(SAP) under normal conditions, inhaled NO has 
systemic effects that are described in the text and 
may be mediated by circulating cells exposed to 
NO in the lungs and bloodborne NO deriva-
tives: SNO-proteins or S-nitroso proteins includ-
ing SNO-albumin; SNO-Hb or S- nitrosylation 
of hemoglobin (nitrosylated on Cys93 of the β 
chain); NO-Fe-Hb or nitrosyl-hemoglobin; and 
nitrite. (From Bloch KD, Ichinose F, Robert JD, 
Zapol WM: Inhaled NO as a therapeutic agent, 
Cardiovasc Res 75:339-348, 2007. Used with 
permission).
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led to the formation of nitrosyl-Hb, nitrite, and nitrate.142 
More recently, Cannon and associates found that nitro-
syl-Hb concentrations significantly increased in healthy 
adults breathing 80 ppm NO, whereas nitrite modestly 
increased.126 Arterial concentrations of both products 
were greater than venous levels, suggesting consump-
tion in peripheral tissues. Cannon and colleagues did 
not detect an increase in plasma S-nitrosothiols or SNO-
Hb. In contrast, Ng and colleagues reported that plasma 
levels of both S-nitroso-albumin and nitrite increased in 
cats breathing 80 ppm NO; both were further increased in 
the setting of intestinal I-R.143 Arterial levels of S-nitroso-
albumin were higher than venous levels, whereas the 
converse was true for nitrite levels, which suggested that 
S-nitroso-albumin was consumed in the periphery and 
nitrite was generated.

The potential importance of nitrite as a mediator 
of inhaled NO’s impact on I-R injury was highlighted 
in recent studies of Duranski and colleagues.144 They 
observed that small increases in blood nitrite levels were 
sufficient to decrease I-R injury in the liver and heart. 
Moreover, in studies of murine I-R injury, Hataishi and 
colleagues121 reported that breathing NO increased nitrite 
concentrations in plasma and blood to levels similar 
to those demonstrated to be effective by Duranski and 
associates. More recently, Nagasaka and colleagues dem-
onstrated that breathing NO leads to the rapid accumula-
tion of a variety of NO metabolites in blood and tissues, 
contributing to the ability of brief periods of NO inhala-
tion to provide cardioprotection against I-R injury.145

SAFETY ISSUES AND METHOD OF 
ADMINISTRATION

Prolonged inhalation of low levels of NO appears to be 
safe. The major clinical toxicity is due to the formation 
of NO2 and methemoglobinemia. Nitrogen dioxide is 
rapidly converted to nitric acid in aqueous solution (e.g., 
acid rain) and is highly toxic to the respiratory tract. 
Increased airway reactivity in humans occurs after expo-
sures to as low as 1.5 ppm NO2.146 At higher inhaled NO2 
doses, pulmonary edema is the major toxicologic effect147 
and can result in rapid death after inhalation exposure.148

Inhaled NO can combine with Hb to form nitrosyl-Hb, 
which is rapidly oxidized to metHb. The rates of uptake 
and release of NO from ferrous (Fe2+) Hb are 105- to 106-
fold greater than those of oxygen. Tissue hypoxia can be 
produced at excessive circulating metHb concentrations. 
In general, cyanosis does not appear until metHb levels 
approach 15% to 20%, and clinical symptoms of hypoxia 
(e.g., fatigue, dyspnea) become significant at metHb lev-
els above 30% of the Hb concentration.149 The enzyme 
metHb reductase rapidly converts metHb to Hb in the red 
blood cell. Because neonates have reduced activity of this 
enzyme, they are at greater risk than adults for develop-
ing significant methemoglobinemia after inhaling high 
levels of NO for a prolonged period.149 Blood metHb 
concentrations and inspired NO2 concentrations were 
frequently monitored in clinical trials of inhaled NO in 
both adults and neonates.5-7, 80 In a large number of adult 
(n = 120) and newborn patients (n = 351) pooled from 
several clinical trials, significant methemoglobinemia or 
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O2 formation was uncommon in patients breathing NO 
t doses ranging from 1.25 to 80 ppm. (See summary table 
n a study by Steudel and others.20) If metHb or NO2 lev-
ls increased above predetermined limits, then the con-
entration of inhaled NO was decreased. Discontinuation 
f NO administration because of excessive NO2 or metHb 
ormation was necessary in only 3 of 471 patients (0.6%).

Inhaled NO is a selective pulmonary vasodilator 
n patients with heart failure, although breathing NO 
an be accompanied by an elevation of LV filling pres-
ure in patients with severe LV dysfunction.59,150 Taken 
ogether with the in vitro experimental evidence of a 
irect negative inotropic action of NO,151,152 these clini-
al observations led to the concern that inhaled NO may 
linically exert important negative inotropic effects in 
atients with impaired LV function. However, investiga-
ors learned that the elevation in LV filling pressure that 
ccurs with NO breathing is due to the augmentation 
f filling into a relatively noncompliant LV and is not 
aused by a negative inotropic effect.153 An observation 
n patients with heart failure who received mechanical 
V assistance supported the concept that inhaled NO 
ncreases LV filling pressure only when cardiac output is 
ot assisted.154 Nonetheless, being aware of the possibil-

ty that inhaled NO can produce pulmonary vasodilation 
nd may overwhelm a failing LV, thereby producing pul-
onary edema, is important.

THER INHALED PULMONARY 
ASODILATORS

ACKGROUND

he successful clinical use of inhaled NO as a selective 
ulmonary vasodilator prompted the search for other 
lternatives, at least, in part, as a result of the significant 
ost of inhaled NO therapy (e.g., $3000 per day with a 
12,000 monthly cap) in the United States.155 A wide vari-
ty of intravenous vasodilators were clinically tested via 
he inhaled route. These vasodilators include prostacyclin 
PGI2)156; milrinone157; nitroglycerine158; sodium nitro-
russide159; prostaglandin E1

160 and a stable analogue  
f PGI2, epoprostenol161; and iloprost.162 It was expected 
hat inhalation of intravenous vasodilators would maxi-

ize drug levels in the lung while minimizing their 
ystemic effects (see Fig. 104-5). Although some studies 
ave reported encouraging results in the perioperative 
ff-label use of these drugs via off-label route of adminis-
ration (i.e., inhalation), especially with inhaled epopros-
enol,161,163,164 at the time of this writing, efficacy and the 
afety profile of these inhaled vasodilators have not been 
stablished. As a result, no general consensus exists as to 
hen and how to use these inhaled vasodilators. (The use 
f epoprostenol at the author’s institution is described in 
he next section as an example.)

NHALED EPOPROSTENOL

t Massachusetts General Hospital, epoprostenol (Flo-
an) has been used to treat intraoperative pulmonary 
ypertension during cardiac surgery and postoperative 
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pulmonary hypertension, RV dysfunction, or refractory 
hypoxemia in the ICUs in adult and pediatric patients. In 
adults, inhaled epoprostenol (30,000 ng/mL) is adminis-
tered using a syringe pump and jet nebulizer connected to 
the inspiratory limb of the ventilator163 (Fig. 104-7). The 
usual starting dose is 30 ng/kg/min and can be increased 
up to 50 ng/kg/min. In pediatric patients, drug concen-
tration and air flow is adjusted accordingly.

Limitation: Although a brief exposure to inhaled PGI2  
or its analogues decreases PVR similar to inhaled NO,165,166 
PGI2 and its analogues are known to cause systemic hypo-
tension when large doses are inhaled.166 The plasma half-
life of epoprostenol is sufficiently long (∼6 minutes) to 
allow for systemic effects, and systemic arterial levels of 
an active metabolite have been measured during inhala-
tion of even small doses of epoprostenol. Furthermore, 
epoprostenol must be dissolved in a highly viscous and 
basic glycine diluent (pH = 10.5) that is associated with 
tracheitis,167 interstitial pneumonia,168 and ventilator 
valve malfunction.169 Replacement of the ventilator fil-
ter every 2 hours is recommended to avoid possible valve 
malfunction. Last, although the drug cost associated with 
inhaled epoprostenol is claimed to be smaller than that of 
inhaled NO, a robust cost comparison taking into account 
the impact of prolonged therapy on the overall cost has 
not been made. For example, if one therapy reduced ICU 
stay by 1 day or the need for a RV assist device or ECMO 
perfusion, then the difference in drug cost would be inci-
dental. Further studies appropriately designed to address 
these issues are needed to better define the role of other 
less selective inhaled pulmonary vasodilators.

CONCLUSIONS

Inhaled NO is the first vasodilator to produce truly selective 
pulmonary vasodilation. It is characterized by pulmonary 
vasoselectivity, and it also increases arterial oxygenation 
and enhances pulmonary V̇/Q̇  matching by increasing 

Patient

Jet nebulizer

Syringe pump

O2

Ventilator

Filter

Figure 104-7. Diagram illustrating a sample setup of inhaled admin-
istration of epoprostenol in patients on ventilation. O2, Oxygen.
lood flow to ventilated regions of the lung. A large num-
er of laboratory and clinical research studies have been 
erformed to delineate its biochemistry, physiologic char-
cteristics, side effects, and clinical efficacy in various dis-
ases of children and adults. Nearly simultaneously, the 
linical use of inhaled NO has become widespread. An 
stimated 20,000 patients are treated with inhaled NO 
nnually in the United States. During the past 16 years, 
nhaled NO has been used to treat pulmonary hyperten-
ion and hypoxemia in over 100,000 pediatric and adult 
atients worldwide. For many, inhaled NO is lifesaving. 
he experimental use of inhaled NO continues to be a 
nique and fascinating approach to studying and treating 
iseases as diverse as acute rejection of the transplanted 

ung and sickle cell crisis. It is critical that a single study of 
 particular disease state not influence an evaluation of this 
omplex field. As with most medical advances, the accu-
ulation of a wide-ranging body of clinical research will 

ventually determine the place of NO inhalation therapy 
n the therapeutic armamentarium for many diseases.
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