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Neurocritical Care
MICHAEL J. SOUTER • ARTHUR M. LAM

K e y  P o i n t s

 •  Critical care of the nervous system is based on support of cerebral and spinal 
cord physiology and the prevention of secondary insults. This goal, in turn, 
depends on the comprehensive maintenance and adequacy of cardiopulmonary, 
gastrointestinal, renal, and endocrine function.

 •  Cerebral function is critically dependent on perfusion and oxygenation matching 
metabolism. Increased intracranial volume beyond the capacity of compensatory 
mechanism increases intracranial pressure (ICP) and may diminish perfusion 
adversely. The resulting cellular energy failure both initiates and propagates edema 
and inflammation.

 •  The resolution of cerebral edema depends on hydrostatic and osmolar forces 
applied to the blood-brain barrier. Excesses of perfusion pressure or intravascular 
hypotonicity worsen edema and must be avoided. Blood-brain barrier disruption 
varies over time and by pathologic process, and it affects the ability of hypertonic 
agents to exert an osmotic effect.

 •  Fever is frequently overlooked in the neurocritical care unit, but it significantly 
affects patient outcomes across a range of pathologic processes.

 •  Neurologic monitoring comprises placement of appropriate monitoring devices, 
as well as prompt response and institution of therapy to changes detected. The 
goal is to optimize the physiologic environment, despite the current lack of level 1 
evidence to support the majority of monitors in common use. Clinical examination 
of neurologic function remains a crucial part of monitoring and care.

 •  The incidence of traumatic brain injury has declined, but this disorder remains a 
disease of the young, with enormous long-term socioeconomic impact. Prompt 
surgical appraisal is mandatory. Decompressive craniectomy after diffuse injury 
is not currently recommended. Hypothermia may still offer benefit in refractory 
intracranial hypertension. Corticosteroids are contraindicated.

 •  After the initial hemorrhage, mortality and morbidity from subarachnoid 
hemorrhage (SAH) arise from cerebral ischemia. Medical therapy for this 
complication involves augmentation of perfusion pressure, maintenance of 
blood volume, and optimization of oxygen delivery. Endovascular therapy 
with angioplasty with or without chemical vasodilation plays an important role 
in treating vasospasm. SAH may be accompanied by significant pulmonary, 
cardiovascular, or endocrine effects.

 •  Successful therapy for ischemic stroke is contingent on a time window of viability. 
Urgent appraisal and rapid treatment are crucial to a good outcome. Endovascular 
therapy and ultrasound are going to play an increasing role in conjunction with 
advances in magnetic resonance imaging.

 •  Injury to the spinal cord necessitates careful observation of respiratory adequacy 
because conditions may deteriorate before any observed improvement occurs. 
Fatigue is frequently a factor.

 •  Infectious disease of the central nervous system demands an aggressive approach 
to resuscitation, cerebrospinal fluid sampling, and early empiric antibiotic therapy, 
similar to that for sepsis.



Critical care of the central nervous system (CNS) involves 
collaboration among several disciplines—neurosurgery, 
neuroanesthesia, neurology, neuroradiology, and electro-
physiology. Each discipline offers unique contributions, 
which, in partnership, provide optimal care not only to 
the injured brain but also to the cardiopulmonary, endo-
crine, gastrointestinal, and renal systems that support 
cerebral physiology. Integration of the complex goals of 
this care relies on the physician specializing in neurocriti-
cal care, which increasingly is recognized as an important 
subspecialty.1

The use of a neurocritical care team, rather than sin-
gle specialty care, has been associated with reduced in- 
hospital mortality and length of stay.2 Although the 
brain has a certain preeminence among the organs of the 
body, it relies on a stable platform of organ function else-
where to enable homeostatic control and mechanisms of 
repair and recovery. Injury to the brain is associated with 
and precipitates a wide spectrum of dysfunction of other 
organ systems (Box 105-1). Although other specialists 
can train to be neurointensivists, anesthesiologists with 

Global Pyrexia
Inflammatory activation

Cardiovascular Arrhythmia: bradycardia, tachycardia, 
atrial fibrillation
Hypertension
Hypotension
Left ventricular dysfunction

Respiratory Apnea
Pneumonia: aspiration, hypostatic, 
ventilator associated
Pulmonary edema
ARDS

Gastrointestinal Gastric erosion
Ileus
Constipation
Perforation
Malabsorption

Renal Dehydration
Acute renal failure
Urinary tract infection

Hematologic Anemia
Leukocytosis
Coagulopathy, disseminated  
intravascular coagulation
Deep venous thrombosis, pulmonary 
embolism

Metabolic or endocrine Hyponatremia, hypernatremia
Hyperglycemia, hypoglycemia
Hypokalemia, hyperkalemia
Hypomagnesemia
Hypophosphatemia
Catabolic azotemia
Rhabdomyolysis

BOX 105-1 Potential Systemic Complications 
Associated with Serious Brain Injury

ARDS, Acute respiratory distress syndrome.
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training in neuroanesthesia and critical care are particu-
larly well suited to demonstrate the combination of air-
way and cardiovascular support skills that, together with 
an understanding of the physiology and pharmacology of 
the nervous system, may improve outcome.

INTRACRANIAL PHYSIOLOGY AND 
CEREBRAL AUTOREGULATION

The cerebrovascular circulation is constrained by a rigid 
perimeter of bone (see also Chapter 17). After exhaustion 
of limited compensatory mechanisms, the bony confines 
of the skull mandate increasing intracranial pressure 
(ICP) consequent to increasing intracranial volume. The 
change in ICP with change in intracranial volume is often 
referred to as the intracranial compliance curve, but it is 
more appropriately termed the intracranial elastance curve 
(Fig. 105-1).

Thus, an increase in elastance implies poor compli-
ance, and a small change in volume can lead to an inordi-
nate increase in pressure. These changes in volume arise 
from increments in intracranial tissue or fluid content 
(i.e., blood, interstitial fluid, or cerebrospinal fluid [CSF]). 
Tissue content is relevant insofar as mass lesions reduce 
intracerebral compliance and accentuate the effects of 
fluid changes.

Small increases in volume can be accommodated by 
an outflow of CSF from the cranial cavity into the spi-
nal canal that produces the exponential pressure-volume 
relationship (see Fig. 105-1).

The cranial vault is compartmentalized by the falx 
cerebri and tentorium cerebelli, which creates the possi-
bility of internal pressure gradients (Fig. 105-2). This may 
induce physical protrusion of brain tissue through the 
“apertures” of the compartments—herniation. Brain tis-
sue may be injured directly but also indirectly by deform-
ing and compressing vasculature adjacent to the dural 
margin.3 This is typically seen in severe lateral herniation 
(”midline shift”) when the anterior cerebral vasculature 
may be obstructed, thus producing frontal lobe infarction.

Pressure gradients are initially hydraulically equili-
brated, with CSF moving between ventricular chambers 
and to the extracranial spinal space. The compensation 
achieved is limited by the CSF volume available to be 
displaced; ultimately, changes in volume will induce tis-
sue displacement. This displacement may also contribute 
to impedance of CSF drainage either by occlusion of the 
foramina of Monro in the case of lateral herniation or by 
occlusion of the third ventricle and aqueduct by supraten-
torial herniation through the tentorial gap. This situation 
typically gives rise to clinical features of midbrain struc-
ture compression. Unilateral papillary dilation, ipsilateral 
or even contralateral paralysis (the Kernohan notch phe-
nomenon), and abnormalities of respiration are apparent 
in the spontaneously breathing patient. If the herniation 
continues, it will result in cerebellar descent through the 
foramen magnum with consequent compression of the 
brainstem, thus producing bilateral papillary fixation, 
either tachycardia or bradycardia, and systemic hyper-
tension.4 Changes in cerebral mass secondary to increase 
in venous blood volume also arise from obstruction to 
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venous drainage by compression of the easily susceptible 
bridging veins draining from cortex to venous sinuses. 
Once an individual threshold of compliance is crossed, 
changes in volume exert a mass effect on the draining 
veins, which act as Starling resistors. This effect decreases 
drainage, which, in turn, amplifies and prolongs pressure 
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Figure 105-1. Intracranial pressure-volume relationship.
increases. Blood volume increases may be extravascular 
(i.e., hemorrhage) or intravascular (i.e., accumulation 
within a predominantly venous capacitance circulation). 
Venous circulation comprises approximately 75% of the 
cranial blood volume, whereas approximately 25% of ves-
sels are arteries, arterioles, and capillaries.

The other main fluid mass effect is through edema, 
either cytotoxic or vasogenic.5,6 Cytotoxic edema results 
from hypoxia, with swelling of the intracellular compart-
ment, whereas vasogenic edema in the interstitium usu-
ally develops from a breach of the blood-brain barrier, 
often in response to high blood pressure.7

Thus, changes in the control of cerebral blood volume 
may have significant effects on ICP. The cerebral vascula-
ture responds to changes in arterial pressure, arterial par-
tial pressure of carbon dioxide (Paco2), or partial pressure 
of oxygen (PO2), by dynamically altering arteriolar caliber 
to maintain a constantly matched cerebral blood flow 
(CBF) sufficient to meet metabolic demands (Fig. 105-3). 
The pH, Paco2, potassium, and adenosine are among many 
purported metabolic mediators of flow.8

CBF control may be directly compromised by brain 
injury or by abnormalities of respiration and arterial 
blood pressure. In turn, this may increase venous vol-
ume by allowing an excessive arterial inflow that venous 
Tentorium
cerebelli

Oculomotor
nerve

Falx cerebri

Foramen of Monro

Fourth ventricle

• •

Figure 105-2. Schematic of intracranial compartments: coronal section.



drainage cannot match, thereby increasing ICP. Conse-
quently, untoward events, including hypotension, airway 
obstruction, fever, and seizures, produce what is termed 
a secondary physiologic insult. This has been demonstrated 
to induce further harm to the vulnerable brain and, in so 
doing, worsen outcome.6,9

A reduction in substrate delivery (i.e., oxygen and 
nutrients) to less than the threshold necessary to main-
tain cellular viability produces cell injury with cytokine 
and chemokine release. This inflammatory amplification 
expands the injury,10 disrupts the blood-brain barrier 
function, and may directly lead to apoptosis. The disrup-
tion of the blood-brain barrier creates vasogenic edema 
and allows serum proteins to cross into brain paren-
chyma, with prolonged effects. This process is more evi-
dent in the more metabolically active gray matter than in 
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Figure 105-3. The influence of changes in mean arterial pressure 
(MAP), arterial partial pressure of oxygen (PO2), and arterial partial 
pressure of carbon dioxide (Pco2) upon cerebral blood flow (CBF). 
Vascular diameter changes shown are in response to MAP.
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white matter.5 Most changes peak in the first 48 hours, 
but one study identified up to 25% of ICP peak increases 
occurring after day 5.11

GENERAL CARDIOPULMONARY 
CONSIDERATIONS

Any deterioration in ventilatory efficacy may adversely 
affect cerebral compliance (elastance) through carbon 
dioxide–induced vasodilation. Concerns have been 
expressed about the effect of positive end-expiratory 
pressure (PEEP) in this situation, but the decreased pul-
monary compliance necessitating the PEEP also limits 
intrathoracic pressure transmission to the cerebral circu-
lation.12 The net benefit of improved ventilatory efficacy 
from PEEP outweighs any mild disadvantages from its 
use. However, injudicious use of PEEP in circumstances of 
hypovolemia may reduce functional venous return and 
hence reduce cardiac output, with consequent effects on 
cerebral perfusion.12

Reductions in cardiac output and arterial blood pres-
sure can initiate reflex cerebral vasodilation, which is the 
brain’s attempt to preserve CBF. Hypotension is a well-
documented source of worsened morbidity,13,14 whether 
the decrease in blood pressure results from underresus-
citation or iatrogenic mechanisms. This vasodilation 
increases venous blood volume and further diminishes 
cerebral perfusion pressure (CPP).15

Hypoxemia can cause direct as well as indirect injury to 
the brain. Hypoxemia less than 60 mm Hg is a significant 
contributor to secondary insult from vasodilatory ICP 
effects, in addition to the reduction in the oxygen gradi-
ent to the cell. The resultant reduction in cerebral per-
fusion, irrespective of primary cause, may cause further 
deterioration by depressing the level of consciousness, 
in turn leading to airway compromise, hypoventila-
tion, and further decrease in oxygenation (Fig. 105-4). 
Consequently, pulmonary compromise is often seen in 
neurologic patients with altered mental status, as a result 
of impaired airway reflexes and repeated aspiration epi-
sodes, culminating in a significant incidence of pneumo-
nia, irrespective of the initiating pathologic process.16
Figure 105-4. A, Ventilatory-neu-
rologic circle of dysfunction. Induced 
changes in partial pressure of carbon 
dioxide (Pco2) and partial pressure 
of oxygen (PO2) produce changes in 
cerebral blood volume (CBV), intra-
cranial pressure (ICP), and cerebral 
perfusion pressure (CPP). This, in 
turn, impairs ventilatory control. B, 
Hemodynamic-neurologic circle of 
dysfunction. Similar to the diagram 
in A, systemic hypotension induces 
cerebral vasodilation, with increased 
CBV, increased ICP, and reduced CPP, 
which, in turn, increases vasodilation.
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Another potential mechanism is the release of cyto-
kines from the brain in response to the inflammatory 
process triggered by an injury; this release may be suf-
ficient to induce acute respiratory distress syndrome 
(ARDS) and systemic inflammatory response syndrome 
(SIRS).17,18 Moreover, the large tidal volume ventilation 
delivered during initial hyperventilation can enhance the 
development of ARDS19 (see also Chapters 101 to 103). 
This may create a therapeutic dilemma in the presence 
of cerebral pathophysiology. However, the “open lung” 
concept (i.e., small tidal volumes, high frequencies, and 
high PEEP) developed to minimize alveolar distention 
and reduce lung injury appears to be feasible in neuro-
surgical patients despite theoretic concerns for adverse 
effects on ICP.20

The relationship between Paco2 and CBF can be 
exploited in examining the response of ventilated 
patients to tests of spontaneous breathing. Restoring 
Paco2 to normal may increase ICP, a finding indicating 
limited craniovascular compliance. Understanding this 
situation may guide subsequent therapy and ventilatory 
strategy, and ICP effects should be considered during any 
weaning process.

FLUIDS AND ELECTROLYTES

Normally, capillary fluid shift is a function of hydrostatic 
pressure pushing fluid out and the balance of osmotic 
forces retaining fluid within21:

 Jv = Kf ([Pc − Pi) − σ [πc − πi]) 

where Jv is the net fluid movement between compart-
ments, Pc is the capillary hydrostatic pressure, Pi is the 
interstitial hydrostatic pressure, πc is the capillary osmotic 
pressure, πi is the interstitial osmotic pressure, Kf is the 
filtration coefficient (this is a product of surface area and 
hydraulic conductivity), and σ is the reflection coefficient 
(the membrane impermeability toward osmotically active 
particles). In extracranial capillaries, these osmotic forces 
derive from oncotic pressure because smaller solutes can 
cross the capillary basement membrane following con-
centration gradients and only large protein molecules 
remain to exert effect.

However, in the brain, because of the presence of tight 
junctions in the endothelium, this intact blood-brain 
barrier reflects smaller solutes (e.g., sodium and chloride 
ions), and this relative impermeability renders cerebral 
capillary fluid shift a function of hydrostatic and total 
osmolar forces, with the oncotic pressure playing a very 
small part and the fluid shift most dependent on the 
osmolar gradient. In the absence of externally adminis-
tered osmotically active substances (e.g., mannitol), this 
gradient is largely determined by sodium concentration, 
as serum osmolality.

 Serum osmolality = (serum Na) × 2 + glucose/18 + BUN/2.8

where Na is sodium and BUN is blood urea nitrogen.
Thus, in general, hypotonic solutions should not be 

used in the neurosurgical patient when edema is a signifi-
cant consideration. The osmolalities of commonly used 
solutions are listed in Table 105-1.
At the same time, the tighter endothelial connections 
and lipid bilayers also serve to reduce water permeability 
and hence the filtration coefficient. This physiologically 
limits the water shift across the vascular bed in response 
to changes in tonicity; otherwise, the brain volume would 
be significantly reduced by the large osmotic forces cre-
ated by changes of only a few milliosmoles per kilogram. 
Net fluid shift across the blood-brain barrier therefore 
depends on water permeability, as defined by the filtra-
tion coefficient, and solute permeability, as defined by 
the reflection coefficient. This process permits osmotic 
diuresis, in which substances reflected by the blood-brain 
barrier can exert a significant effect on brain water (e.g., 
mannitol and hypertonic saline).

Inadequate perfusion and supply of substrate, whether 
relative or absolute, induces energy failure. This pro-
cess translates into real effects on the integrity and 
function of the blood-brain barrier, which is an energy-
dependent physiologic construct, as opposed to a purely 
anatomic structure. Ischemia and rapid reperfusion are 
associated with the generation of matrix metalloprotein-
ases that directly attack the proteins sealing the connec-
tions between the endothelial processes that make up 
the blood-brain barrier.22 This condition creates a loss of 
integrity and increased porosity of the blood-brain barrier 
that pathologically affect the permeability and reflection 
coefficients. This acute blood-brain barrier disruption may 
allow solute shifts into the parenchyma and result in brain 
swelling, the extent of which depends on the “leakiness” 
of the blood-brain barrier, as well as the size and concen-
tration of the osmotically active molecules on either side 
of the barrier.

Hence, intravascular fluid therapy must be carefully 
considered under circumstances of cerebral ischemia and 
inflammation. The brain exerts homeostatic control on 
metabolic and endocrine activity, and neurologic dysfunc-
tion can manifest as untoward changes in fluid and elec-
trolyte balance. Diabetes insipidus is a florid example of 
this, with polyuria, subsequent hypovolemia, and, if the 
disorder is left untreated, systemic hypotension. Iatro-
genic causes may also include the use of osmotic diuret-
ics, sedation, and analgesics. Sympathetic denervation as 

TABLE 105-1 SODIUM CONTENT, OSMOLALITY, 
AND ONCOTIC PRESSURE OF COMMONLY USED 
INTRAVENOUS FLUIDS

Fluid
Osmolality 
(mOsm/kg)

Oncotic 
Pressure 
(mm Hg) Na+ (mEq/L)

Plasma 289 21 141
Crystalloid
0.9% NS 308 0 154
0.45% NS 154 0 77
3% NS 1,030 0 515
Lactated Ringer’s 273 0 130
Plasma-Lyte 295 0 140
Mannitol (20%) 1,098 0 0
Colloid
Hetastarch (6%) 310 31 154
Albumin (5%) 290 19

Na+, Sodium; NS, normal saline.



a consequence of brainstem or spinal cord injury may also 
contribute to reductions in venous return as a result of 
increased vasodilatation and peripheral venous pooling.23

The increased sympathetic discharge commonly 
accompanying cerebral insults can also manifest as extra-
cerebral stress on the entire body with increased incidence 
of gastric stress erosion, hypercatabolism, hyperglycemia, 
and impaired glucose tolerance.24

Nutrition requirements are often increased after brain 
injury, and evidence suggests improved outcome with 
the early use of enteral nutrition (see Chapter 106).25

Hyperglycemia is a potent aggravator of cerebral insult.26 
However, tight glycemic control with aggressive insulin 
therapy worsens the outcome of critical care patients in 
general and may worsen cerebral metabolic stress (see also 
Chapter 39).27,28 Moderate glycemic control is advocated.

FEVER AND INFECTION

More than 50% of patients in neurologic intensive care 
units (ICUs) develop fever.29 This condition is an often 
overlooked insult to the compromised brain, thus increas-
ing oxygen utilization and metabolic stress.29 Patients 
within the ICU have multiple risk factors for infection 
and sepsis, including the presence of a variety of indwell-
ing catheters (e.g., arterial, venous, CSF). Other poten-
tial causes of fever include intracranial hemorrhage and 
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idiosyncratic drug effects (e.g., the anticonvulsant phe-
nytoin).29,30 Fever is associated with a worsened outcome 
after neurologic injury, including intracranial hemor-
rhage, subarachnoid hemorrhage (SAH), and stroke. 
A meta-analysis of available studies demonstrated an 
increase in neurologic morbidity and mortality associated 
with fever.31

Although hypothermia has not proven to be a success-
ful intervention for patients with traumatic brain injury 
(TBI)32 or SAH,33 this finding does not equate to a lack of 
beneficial effect of normothermia compared with hyper-
thermia, and many clinicians are increasingly aggressive 
in preventing and treating fever.34

To provide appropriate treatment for fever, it is neces-
sary to perform daily reappraisal to delineate the source of 
fever, given the large number of potential causes. However, 
in many cases a cause cannot be determined, and empiric 
treatment including scheduled administration of acet-
aminophen, application of cooling blankets, and, increas-
ingly, more invasive methods of cooling are required.

MONITORING

The avoidance or correction of secondary physiologic 
insults necessitates the aggressive use of physiologic mon-
itors (see Chapter 49 and Fig. 105-5). This monitoring 
does not obviate the need for regular clinical examination 
Figure 105-5. Schematic of avail-
able intracranial monitoring, with 
near-infrared oximetry (NIRS), 
intracranial pressure (ICP, either 
by ventriculostomy or parenchy-
mal probe), brain tissue oximetry 
(Pbo2), microdialysis, and jugular 
venous oximetry (Sjo2).

Microdialysis
ICP/PbO2

Ventriculostomy

SjO2

NIRS
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of the CNS, with observation of the response to stimuli. 
Monitors (e.g., processed electrical activity, cerebral oxy-
genation, and ICP) are merely surrogates of actual cere-
bral function. Similarly, attention should be paid to the 
basics of fluid volume status, respiratory rate, cardiovas-
cular stability, and metabolic consumption.

INTRACRANIAL PRESSURE

ICP monitoring quickly became a standard of care after 
its introduction to clinical use in the 1970s, thereby mak-
ing subsequent determinations of utility and effective-
ness difficult. Nevertheless, a NIH sponsored randomized 
controlled trial has been performed in Latin America, 
demonstrating no overt benefit of ICP monitoring.36 
Noninvasive monitors have not established sufficient reli-
ability and remain the subject of research. While recent 
data suggests that ICP monitoring has minimal effect on 
outcome,35 monitoring must guide therapy to be effective 
and ICP data should remain as one of the components 
influencing but not replacing clinical appraisal. Most 
neurosurgical centers still insert such devices routinely in 
the management of patients with TBI and SAH, by using 
defined thresholds (e.g., ICP > 25 mm Hg) to trigger treat-
ment interventions, including osmotic agents (e.g., man-
nitol or hypertonic saline) or operative treatments (e.g., 
decompressive craniotomy or CSF drainage).

ICP sensors may represent only the compartment pres-
sure where they were placed (see Fig. 105-2), and they 
may not be sensitive to acute transients in pressure on 
the other side of the falx or tentorium.37 Intraparen-
chymal fiberoptic devices are less invasive and easier to 
place, but they may be calibrated only ex vivo and can-
not drain CSF. Thus, provided the ventricles are acces-
sible, ventricular catheters remain the “gold standard” of 
measurement, albeit at the expense of an increased risk of 
infection of approximately 6%.38

When the ventricles are small, this monitoring 
becomes technically difficult, and the risks of hemor-
rhage and contusion are increased.

ICP devices can be quickly placed with a minimum 
of morbidity in experienced hands and, provided suit-
able attention is paid to the issue of potential drift from 
calibration,39 generally offer useful insights to guide 
therapeutic interventions. However, placement of these 
devices is contraindicated in the presence of coagulopa-
thy or platelet dysfunction.

Observation of ICP monitoring trends reveals charac-
teristic patterns that may have prognostic implications 
(e.g., the Lundberg “A” or “plateau” ICP wave indicating 
critical cerebral compliance40 and impending herniation).

CEREBRAL BLOOD FLOW

Important threshold values for function were identified 
by Symon and others (Table 105-2).41 The initial meth-
ods of quantitative CBF measurements were laborious 
and time consuming and did not offer accurate regional 
estimates.42 These methods were replaced by the use of 
isotopic tracers that allow basic regional flow measure-
ment (e.g., inhaled or intravascular xenon-133) or a 
combination of imaging and qualitative assessment  
(i.e., single photon emission computed tomography 
[SPECT]). Calibrated imaging techniques such as positron 
emission tomography (PET) and stable xenon or contrast 
computed tomography (CT) perfusion42 have become 
standard in many centers. Magnetic resonance imaging 
(MRI) of perfusion is rapidly evolving and may provide 
quantitative flow measurement in the near future.

Although providing potentially useful information on 
regional perfusion, these methods often involve trans-
porting the patient outside the ICU, a maneuver that may 
be clinically inappropriate in unstable circumstances.

Thermodilution is a focal technique in which small 
thermocouples are placed cortically. Blood flow is related 
to temperature diffusion at the probe.43 An alternative 
approach has been to use jugular venous temperature dif-
fusion to assess flow. Whether this measure reflects CBF 
reproducibly may depend on the ratio of jugular venous 
drainage to overall cerebral venous flow.44 It remains to 
be seen whether these devices can be developed into reli-
able and consistent monitoring tools.

TRANSCRANIAL DOPPLER MONITORING

Transcranial Doppler monitoring uses the Doppler shift 
effect to assess flow velocity in insonated arteries (see also 
Chapter 49).45 This method is often used as a surrogate of 
flow for examining accessible vessels and, in skilled hands, 
offers considerable insights into dynamic flow. This tech-
nique has the advantage of being a bedside, relatively 
speedy, and noninvasive monitor of flow within the main 
components of the circle of Willis through the ophthal-
mic, temporal, and foramen magnum acoustic windows. It 
has excellent temporal resolution and, being noninvasive, 
allows repetitive measurements with little or no risk. In a 
small proportion of patients, predominantly older women 
and black patients, temporal bone thickness may prevent 
monitoring.46 Extrapolation of velocity to flow relies on an 
assumption of relatively constant diameter of the large con-
ductance vessels. Under different circumstances, changes in 
velocity can be used to assess alterations of vascular caliber 
(e.g., arterial vasospasm after SAH)47 or intracranial steno-
sis (Fig. 105-6). For the middle cerebral artery, vasospasm 
can be distinguished from hyperemia by examining the 
ratio between the intracranial flow velocity and the extra-
cranial carotid artery flow velocity (the Lindegaard index). 
A ratio greater than 3 is generally indicative of vasospasm, 
whereas a ratio less than 3 is consistent with hyperemia.48 
A similar ratio has been developed for the posterior circu-
lation by comparing the flow velocity in the basilar artery 
with that of the extracranial vertebral artery. A value greater 

TABLE 105-2 FUNCTIONAL THRESHOLDS OF 
CEREBRAL BLOOD FLOW

CBF (mL/100 g/min) Result

50 Normal
20 EEG slowing
15 Isoelectric EEG
6-15 Ischemic penumbra
<6 Neuronal death

CBF, Cerebral blood flow; EEG, electroencephalogram.



Chapter 105: Neurocritical Care 3105
Figure 105-6. Transcranial Doppler 
images of elevated cerebral blood 
flow velocities in the middle cerebral 
and vertebrobasilar vessels.
than 2 with an elevated flow velocity in the basilar artery 
is reportedly consistent with vasospasm,49 although this 
finding has been questioned by concurrent angiographic 
comparisons.50

AUTOREGULATION AND VASOMOTOR 
REACTIVITY

Monitors of CBF can assess the response of the cerebral 
vasculature to changing circumstances of metabolism 
and blood pressure (i.e., autoregulation).51,52 Static cere-
bral autoregulation can be determined with sustained 
manipulation of blood pressure by using either a tilt test 
or a direct vasopressor as clinically appropriate, whereas 
dynamic autoregulation can be assessed using rapid 
deflation of previously inflated thigh cuffs above sys-
tolic blood pressure. Alternatively, autoregulation can 
be assessed by monitoring CBF velocity through tran-
scranial Doppler in response to spontaneous fluctuation 
of blood pressure by using transfer function analysis, 
although these techniques are likely to be less reliable 
than the stimulus-response paradigm.53 The presence 
or lack of autoregulation may guide subsequent treat-
ment and prognosis because frequently the loss of 
autoregulation is associated with a poor outcome.54,55 
Cerebrovascular reserve or vasomotor reactivity, as 
determined by CBF response to changes in Paco2, can be 
assessed either with rebreathing or addition of carbon 
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dioxide to the breathing circuit or with administration 
of acetazolamide.53

JUGULAR BULB OXIMETRY

The Fick principle may be reversed to examine the venous 
oxygen saturation which, assuming a constant hemato-
crit and metabolism, can offer an assessment of the ade-
quacy of CBF and associated oxygen delivery relative to 
cerebral oxygen consumption:

 If AVDO2 = (CMRO2/CBF), then CaO2 − CjvO2 = (CMRO2/CBF) 

Ignoring the contribution of dissolved oxygen, then:

 (SaO2 − SjvO2) × Hgb × 1.34 = (CMRO2/CBF) 

where AVDo2 is the arteriovenous oxygen content differ-
ence; CMRo2 is the cerebral oxygen metabolic rate; Cao2, 
Cjvo2, Sao2, and Sjvo2 are the arterial oxygen and jugu-
lar venous oxygen contents and saturations, respectively; 
Hgb is the hemoglobin concentration; and 1.34 is the 
oxygen affinity constant.

In vivo, catheters are placed in retrograde fashion through 
the internal jugular vein to its jugular bulb at the foramen or 
even beyond, to the large sinuses (Fig. 105-7).56,57

These catheters provide information related to both 
perfusion and oxygen consumption, in a manner anal-
ogous to the use of mixed venous oximetry for shock 
management. Both desaturation (<50%, suggesting 
inadequate delivery or excess consumption) and abnor-
mally high saturation (>75%, suggesting hyperemia or 
stroke) have been associated with poor outcome.58,59 
The derivable arteriovenous oxygen content difference 
is possibly a more accurate assessment of the adequacy 
of flow and is related to outcome.60 Jugular venous 
oximetry has been criticized as being insensitive to 
focal changes because it reflects the averaged global 
cerebral venous oxygen saturation from the confluence 
of hemispheric venous drainage. Consequently, some 
authors have suggested using oxygen consumption in 
combination with the cerebral arteriovenous gradient 
of lactate to make stoichiometric assessments of aerobic 
versus anaerobic metabolism.61 These authors use meta-
bolically directed management strategies, as opposed 
to management of cerebral hemodynamics,62 that is, 
goal-directed therapy based on metabolic indices (jugu-
lar venous oxygen saturation), rather than on hemody-
namic indices (ICP and CPP).

BRAIN TISSUE OXYGEN TENSION

In conceptually similar assessments of in vivo oxygen-
ation, miniaturized Clark electrodes have been developed 
and combined with ICP catheters to provide simultane-
ous estimations of tissue oxygen tension and ICP. Patho-
logic levels are thought to be lower than 15 mm Hg with 
normal values in the 20- to 45-mm Hg range.63 These 
brain tissue O2 tension (Pbo2) devices have been used 
in a variety of pathologic conditions, thus guiding ther-
apy and providing insight into the adequacy of cerebral 
perfusion,63 although Pbo2 may alert to poor outcomes 
independent of CPP.64 However, many concerns remain 
regarding measurement errors, calibration drifts, and 
uncertainty of the generalizability of the local measure-
ment.65 Nevertheless, in patients without focal lesions, 
important physiologic feedback is provided in response 
to therapeutic manipulations of arterial blood pressure 
and oxygenation.66 The hope is that these questions will 
be addressed by ongoing clinical trials of Pbo2-guided 
treatment protocols.67

CEREBRAL MICRODIALYSIS

Interest in the use of cerebral microdialysis probes to 
assess the biochemical milieu of the brain is significant. 
These probes are placed through a burr hole and cycle 
small volumes of dialysate through the catheter to an 
extracranial collection system. Consequently, various 
substances can diffuse across the semipermeable mem-
brane (e.g., lactate. pyruvate, glucose, glycerol, gluta-
mate),68 for collection and subsequent analysis using a 
bedside high-pressure liquid chromatography device. 
This device gives graphic and numeric displays of trended 
concentrations for the preceding collection interval (usu-
ally 1 hour). This information then relates to the in vivo 
biochemistry of the brain. Although this technique is 
intuitively attractive, unresolved questions have ham-
pered its wider implementation, not the least of which is 
the question of the optimal site of placement, in relation 
both to disease and to anatomic region of gray matter 
versus white matter.68

These issues were addressed by a consensus state-
ment on placement of microdialysis catheters, with 
the aims of improving accuracy in the comparison of 
results and allowing generalization from accumulated 
experience.69 Improvements in membrane technology 
now permit larger molecules to cross into dialysate, thus 
creating the possibility of research into microvascular 
peptidomics.68

Figure 105-7. Lateral cervical spine radiograph showing appropriate 
positioning of the jugular venous oximetry (Sjo2) catheter above the 
lower border of the C1 vertebra (the arrow tip is actually within the 
jugular foramen).



ELECTROENCEPHALOGRAPHY

The electroencephalogram (EEG) records electrical activ-
ity generated and detected by appropriately placed elec-
trodes in a radial and axial array, as defined by the 10/20 
system, an internationally standardized system of record-
ing (see also Chapter 49). The consequent waveforms 
are displayed and recorded. The spectrum of component 
frequencies, together with amplitude and power, can be 
quantified and analyzed in a variety of fashions by what 
are termed processed EEG monitors. These devices can pro-
vide important diagnostic information in patients in the 
neurocritical care unit who cannot be otherwise assessed. 
The EEG tends to be used in a diagnostic snapshot mode 
for isolated assessments, and it is underused as a continu-
ous monitor within the ICU. This underuse is a function 
of the difficulty involved in its application and interpreta-
tion, which necessitate dedicated equipment and person-
nel. A 24-hour continuous recording of EEG is, in general, 
more fruitful than a snapshot recording.

Moreover, both in TBI and in SAH, significant numbers 
of patients develop nonconvulsive status epilepticus,70,71 
a condition that constitutes a regularly overlooked but 
significant source of morbidity and stress on the brain. 
Whereas the EEG is a difficult monitor to use, definite 
indications exist for its deployment, and the neurocriti-
cal care physician should be familiar with the basic prin-
ciples of its function and use.

Some related devices have also been developed from 
processed EEG to monitor the depth of anesthesia. 
Although these devices have been used to monitor the 
level of sedation in critically ill patients, they are not 
designed for—and should not be used to—monitor neu-
rologic integrity or seizure activity.

NEAR-INFRARED SPECTROSCOPY

The idea of pulse oximetry for the brain, as conceptual-
ized in the early 1990s, is attractive. It relies on the prin-
ciple of reflectance spectroscopy, in which near-infrared 
light traverses bone transparently, to be scattered and 
reflected to a degree inversely proportional to the con-
centration of light-absorbing materials in tissue (e.g., 
hemoglobin and other tissue chromophores). The sur-
face detector is constructed and calibrated to detect light 
that has ostensibly traversed down to cerebral cortex and 
back. An adjacent detector is positioned to detect a signal 
from superficial tissues, and both signals are then used 
in an algorithm to derive an estimated tissue saturation. 
However, the devices employed have been troubled by 
issues of reliability, specificity, and cross contamination 
from other cytochrome-containing tissues.72,73 Slightly 
more enthusiasm exists for their role as trend monitors of 
flow, especially in children and patients with extracranial 
carotid artery disease.74,75

RADIOLOGIC IMAGING

Imaging can be employed as a monitoring technique, 
albeit on a protracted time scale.76 The two major modali-
ties are CT and MRI. CT is by far the most useful and 
commonly used technique because it is the most efficient 
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method. MRI, although more time consuming, is more 
sensitive for brainstem lesions, as well as for axonal inju-
ries. Both CT and MRI can provide information on the 
vascular tree, but conventional contrast angiography 
remains the gold standard. Assessment of intracranial 
masses, diffuse injury, or hemorrhage can be subse-
quently used to guide therapy, triage, and prognosis.77

To provide meaningful comparison of therapeutic 
modalities in clinical trials, it is important to standardize 
and categorize CT images. The Marshall scale has been 
used in TBI to stratify degrees of hemorrhage and con-
tusion within the cranial vault, and it correlates with 
outcome (Table 105-3).78,79 The Fisher scale assesses the 
volume of subarachnoid blood after a diagnosis of SAH.80 
There again, it has strong relationship with outcome 
regarding the development of vasospasm (Box 105-2A),81 
the correlation of which was further improved by the 
modified Fisher scale (Box 105-2B). 82 These scales rely 
on experienced interpretation for accuracy. Inconsis-
tent application of the Marshall scale has been reported, 
a finding suggesting an urgent continued need for 
standardization.83

A more recent and exciting development in CT scan-
ning is the capacity to estimate specific gravity of tissue 
(eSG), thus delivering insight into cerebral edema and tis-
sue swelling. Such measurements taken from the first CT 
scan (average 4 hours from injury) have performed well 
as predictors of outcome at 6 months, and they also cor-
relate with ICU length of stay and time spent ventilated. 

TABLE 105-3 MARSHALL SCALE: COMPUTED 
TOMOGRAPHY CATEGORIES FOR HEAD INJURY

Category Definition

Diffuse injury I No visible intracranial pathologic process
Diffuse injury II Cisterns are present with midline shift of 

0-5 mm and/or lesion densities present; 
no high- or mixed-density lesions at 
>25 mL

Diffuse injury III Cisterns compressed or absent, with midline 
shift of 0-5 mm; no high- or mixed-
density lesions of >25 mL

Diffuse injury IV Midline shift of >5 mm; no high- or mixed-
density lesion of >25 mL

Evacuated mass 
lesion (V)

Any lesion surgically evacuated

Nonevacuated 
mass lesion (VI)

High- or mixed-density lesion of >25 mL; 
not surgically evacuated

Grade 1 No blood detected
Grade 2 Diffuse deposition of subarachnoid blood, no 

clots, and no layers of blood >1 mm
Grade 3 Localized clots and/or vertical layers of blood 

≥1 mm in thickness
Grade 4 Diffuse or no subarachnoid blood, but intrac-

erebral or intraventricular clots present

BOX 105-2A Fisher Scale (Computed 
Tomography Scan Appearance)
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The relative objectivity and quantitative nature of 
this method may offer advantages over other scoring 
systems.84

CLINICAL EXAMINATION

Comprehensive neurocritical care encompasses the ability 
to perform a competent neurologic examination. Repro-
ducible and objective assessment of neurologic function 
is as important a monitor as some of the sophisticated 
technology mentioned earlier, with the advantage that it 
offers better insight into global function of the nervous 
system and allows integration of information in an inher-
ently complex dynamic system. One of the most basic 
yet important examinations is the pupillary light reflex, 
the unilateral absence of which may indicate midbrain 
compression from uncal herniation and neurologic emer-
gency. Bilaterally absent papillary reflexes signify immi-
nent or established cerebellar herniation, but this may be 
reversible with rapid efficacious treatment.

Clinical scales have been devised for common neuro-
logic settings. The Glasgow Coma Scale (GCS) is a well-
known, universally if inconstantly applied scale (Table 
105-4). It relies on independent assessment of eye open-
ing, speech, and best motor movement in response to pro-
gressive trials of command, voice, and noxious stimuli.85 
The Hunt and Hess scale (Table 105-5), when applied to 
patients with SAH, offers classification and prognostica-
tion of mortality.86 The World Federation of Neurologic 
Surgeons (WFNS) scale is the preferable rating because it 

Grade 0 No blood detected
Grade 1 Thin* subarachnoid blood, no intraventricular 

hemorrhage
Grade 2 Thin subarachnoid blood, with intraventricular 

hemorrhage
Grade 3 Thick subarachnoid blood, no intraventricular 

hemorrhage
Grade 4 Thick subarachnoid blood, with intraventricular 

hemorrhage

BOX 105-2B Modified Fisher Scale (Computed 
Tomography Scan Appearance)

*Vertical thickness of 1 mm separates thin from thick subarachnoid 
hemorrhage.
uses the more prevalent GCS but with a modifying com-
ponent of focal deficit (Box 105-3).87 Knowing and using 
these scales are crucial to understanding the terminology 
and practice of neurocritical care.

MULTIMODALITY MONITORING

No single monitor credibly and reliably offers insight into 
the functioning physiology of the brain. Instead, various 
surrogates of function are offered. Many criticisms can be 
directed at each individually, but an interesting concept 
is that of multimodality monitoring, which uses a combi-
nation of parameters to improve on accuracy of diagnosis 
and guidance to management.88 Although it is an attrac-
tive concept, the precise implementation of this idea is 
still in its early days, with little methodologic standard-
ization; this standardization may be facilitated by rapidly 
approaching commercial development.

COMMON DISEASES IN THE 
NEUROCRITICAL CARE UNIT

HEAD INJURY

The treatment of TBI was one of the initial emphases of 
neurocritical care (see also Chapter 81). Changes in road 
traffic legislation and enhancements in passenger protec-
tion have led to a decline in the incidence of TBI in the 
United States, to the degree that motor vehicle accidents 
have been replaced by falls as the chief cause of injury.89 
These causes, together with assaults and off-road and 
sporting injuries, still contribute to what is referred to as 
a silent epidemic,89 accentuated by ongoing military con-
flicts and their hallmark blast injuries,90 as well as a preva-
lence consequent on concentration in a predominantly 
youthful population. Outside of wartime, these causes 
usually share a common factor in the contribution from 
alcohol consumption.91,92

In all circumstances, brain structure is deformed by 
the transmission of kinetic energy. The distribution of 
this damage covers a wide spectrum from localized con-
tusion to diffusely scattered foci, varying with the cir-
cumstances of the incident and the architecture of the 
victim’s brain. Typically, cerebral contusions are located 
at the bony prominences of the skull, at the sphenoid 
wing and petrous ridge.93 This variability in inflicted 
TABLE 105-4 GLASGOW COMA SCALE

6 5 4 3 2 1

Eyes N/A N/A Opens eyes 
spontaneously

Opens eyes in 
response to 
voice

Opens eyes in response 
to noxious stimuli

Does not open 
eyes

Verbal N/A Is oriented, converses 
normally

Is confused, 
disoriented

Utters 
inappropriate 
words

Makes 
incomprehensible 
sounds

Makes no 
sounds

Motor Obeys commands Localizes to noxious 
stimuli

Has flexion to 
noxious stimuli

Has abnormal 
flexion to 
noxious stimuli

Extends to noxious 
stimuli

Makes no 
movements

N/A, Not applicable.
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pathologic features introduces significant heterogeneity 
in presentation and behavior, and it confounds some 
broader assumptions on time course and care. A patient 
with a temporal lobe injury may behave very differently 
from a patient with a posterior fossa lesion.

TBI may also be classified according to whether it is 
blunt or penetrating. Penetrating injury may again have 
widely varying consequences depending on site, depth, 
and energy, but is generally fatal if it bilaterally traverses 
the midbrain.94 Although initial mortality from penetrat-
ing injury is higher, outcome in survivors is similar to 
that for nonpenetrating injury.95

Vascular injury may affect more superficial arterial 
blood vessels, as seen in the middle meningeal artery 
injury typical of pterional fracture. This injury com-
monly results in an extradural hematoma.96 These rap-
idly expanding collections can result in swift neurologic 
deterioration and devastating results, if not treated 
quickly. The mortality is between 15% and 20%.97 
Alternatively, cortical bridging veins between cortex 
and the dural venous sinuses are often torn by rota-
tional or acceleration-deceleration forces to produce 
an accumulating subdural hematoma. This may mani-
fest slowly and may even be unaccompanied by signs 
of external trauma. In the time taken for the venous 
hematoma to develop, symptoms may be subtle and, 
unfortunately, may be disregarded. The slow expansion 
exerts a cumulatively damaging effect, which by the 
time severe signs eventually manifest may be just as or 
even more destructive than a rapidly expansile lesion.98 
This injury is prevalent in older patients, in whom the 
process of senile cerebral atrophy results in greater 
tension on the bridging veins crossing an increasing 

TABLE 105-5 HUNT AND HESS GRADING SYSTEM

Grade Clinical Presentation
Survival (%)  
(approximate)

Grade 1 Asymptomatic or mild headache 70
Grade 2 Moderate to severe headache, 

nuchal rigidity, and no 
neurologic deficit other than 
possible cranial nerve palsy

60

Grade 3 Mild alteration in mental status 
(confusion, lethargy), mild 
focal neurologic deficit

50

Grade 4 Stupor and/or hemiparesis 20
Grade 5 Comatose and/or decerebrate 

rigidity
10

Grade 1 GCS score of 15, motor deficit absent
Grade 2 GCS score of 13-14, motor deficit absent
Grade 3 GCS score of 13-14, motor deficit present
Grade 4 GCS score of 7-12, motor deficit absent or present
Grade 5 GCS score of 3-6, motor deficit absent or present

BOX 105-3 World Federation of Neurologic 
Surgeons Scale

GCS, Glasgow Coma Scale.
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istance, thus rendering these vessels all the more sus-
eptible to rupture.

In all these scenarios, the primary pathologic process is 
ccentuated by secondary features of elevated ICP, dimi-
ution of arterial inflow, and consequent reduction in 
PP, with resulting tissue hypoxia and cell death, as pre-
iously described in discussion of the intracranial pres-
ure-volume relationship (see Fig. 105-1).

This process can also be modified adversely by 
oss of autoregulation, which may result in further 
ncreases in ICP. This condition is often seen in dif-
use injury, in which although individual foci may be 
mall, they additively combine to produce a total bur-
en of inflammatory change sufficient to overwhelm 
utoregulation.99

Traumatic SAH (tSAH) is seen in up to 60% of admis-
ions for TBI.100 Some variability of detection and report-
ng exists, but despite this, tSAH has a substantial effect 
n outcome.101 Prolongation of the QTc interval is seen 
n 67% of patients with tSAH, and QTc prolongation is 
eemingly proportional to severity.102 Approximately 
0% of patients with tSAH may also develop vasospasm, 
hich can lead to secondary ischemic insult. The diagno-

is and management of the vasospasm are facilitated by 
he use of transcranial Doppler monitoring. Vasospasm is 
lso being recognized as a feature in the pathologic pro-
ess of blast injury.90

Management of TBI in the ICU should include com-
rehensive examination and assessment using such prin-
iples as outlined in Advanced Trauma and Life Support 
ATLS) because occult injuries can escape initial screening 
et subsequently exert a delayed physiologic compromise 
n the arrival of the patient in the ICU, or worse, in the 
T scanner. These injuries may accentuate the primary 
rain injury by contributing to secondary physiologic 
nsult.14

Overall, the common goal of treatment of TBI is 
o maintain cerebral perfusion. In patients with mass 
esions resulting in anatomic distortion with mass 
ffect, surgical removal of lesions is indicated. Early 
ecompressive craniectomy for patients with diffuse 

njury has not proven useful and may have worsened 
utcome,103 although results of a larger trial are awaited. 
edical management may be required both before and 

fter surgical intervention or as an alternative in cir-
umstances of diffuse injury. Such treatment strategies 
ithin the ICU revolve around the reduction of ICP 
nd the maintenance of cerebral perfusion, which may 
ot be compatible goals. Although therapeutic resolu-

ion of ICP with osmotic diuresis is a logical approach, 
t may have unintended consequences on central vas-
ular volume and myocardial function.104 After an ini-
ially beneficial effect in reducing intracerebral volume, 

annitol then leaves the vasculature through the kid-
ey. This process also reduces cardiovascular volume, 

hus diminishing cardiac output and arterial blood 
ressure and possibly replacing one physiologic insult 
or another.

Mannitol has diminished in popularity, to be sup-
lanted by hypertonic saline.105 This solution demon-
trates a good resuscitation profile, with none of the 
elayed hypotension observed with mannitol.106 Some of 
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he same concerns with the use of mannitol also apply 
o the use of hypertonic saline (i.e., diffusion of osmoti-
ally active particles into the brain interstitium in cir-
umstances of injury or compromise of the blood-brain 
arrier).107 This approach may create rebound effects 
n reduction of plasma osmolarity as hypertonic saline 
dministration is reduced, with an increase in brain water. 
his finding has been observed with differential effects in 
ontused versus noncontused brain.108 Although bolus 
sage of hypertonic saline has been shown to be useful, 

t remains to be seen whether sustained infusions or the 
ractice of persistent-induced hypernatremia offer any 

mprovement in outcome.
Although the choice of resuscitation fluid does not 

ave any effect in a large study of trauma victims,109 a post 
oc analysis of subgroup data demonstrated increased 
ortality associated with the use of albumin in TBI.110 

his finding is somewhat at odds with the demonstration 
f potential benefit in stroke,111 and a prospective trial is 
eeded.

Control of the vascular blood volume may also be reg-
lated by manipulation of the partial pressure of carbon 
ioxide (Pco2), which most frequently requires intubation 
f the trachea and mechanical ventilation.

Controlled hyperventilation is frequently practiced 
o reduce blood volume and hence ICP.112 Studies have 
emonstrated adverse consequences of aggressive hyper-
entilation, and most authorities agree on limiting the 
eduction in Pco2 to avoid ischemia.113

The Brain Trauma Foundation publishes guidelines 
n the management of brain trauma, which are regularly 
pdated. These guidelines concentrate on the principles 
utlined previously, namely, reduction of ICP while pre-
erving perfusion pressure.114 They also provide state-
ents of consensus on the merits of these strategies. 

hey recommend a target Pco2 of between 30 and 35 mm 
g,108 with a CPP of 60 to 70 mm Hg. Higher CPP values 
ave no benefit and may worsen outcome.115,116

Hypertension in excess of autoregulatory control can 
nduce both excess blood volume and the formation of 
asogenic edema across a compromised blood-brain bar-
ier.7 This concept underpins the Lund group protocol, 
hich gives priority to limiting the Starling forces across 

he capillary bed to avoid the formation of edema.117 
hese investigators recommend a CPP of 50 mm Hg 
sing β-blockers as required, the reduction of metabolic 
emand with barbiturates, and intravenous colloid 
dministration.118

Any evidence of comparative effectiveness was 
estricted to case series, offering outcomes similar to 
hose with CPP-oriented management.119 However, a 

ore recent small randomized controlled trial suggested 
hat a modified Lund approach (to include mannitol), 
uided by microdialysis monitoring, had less mortality 
han an aggressive CPP-oriented approach (70 to 80 mm 
g) in a patient group equally distributed between TBI 

nd SAH.120 Although the study design had significant 
aws, the possible benefit is worthy of further explora-
ion. Some subsets of disorders may possibly respond dif-
erentially to each approach, determined in part by lesion 
olume, inflammatory burden, and blood-brain barrier 
ntegrity.
Currently, ICP/Pbo2 and ventriculostomy are fre-
quently used in the management of patients with severe 
TBI. However, these invasive monitors are contraindi-
cated if coagulopathy is present. The occurrence of coag-
ulopathy in TBI is associated with a poor prognosis and 
should be vigorously treated with clotting factors, fresh 
frozen plasma, and platelets.

Hyperglycemia is associated with poor outcome in 
multiple retrospective studies.26 Meta-analysis of tight 
glycemic control on outcome in patients with TBI indi-
cates no benefit,121 whereas Vespa and associates, in a 
crossover study, demonstrated increased metabolic cri-
sis associated with its use.28 More moderate targets seem 
prudent.

Corticosteroids had an adverse effect on mortality 
and morbidity in a multicenter evaluation of more than 
10,000 patients with brain injury, and these drugs cannot 
be recommended for use.122

Hypothermia still may have a role in controlling ICP 
in patients withTBI.123 Early prophylactic use may also 
be beneficial.124 Finally, after an initial failure to improve 
outcome, subsequent reanalysis of previous multicenter 
studies suggested a differential benefit of modest hypo-
thermia in those patients undergoing surgical evacua-
tion of a mass lesion, as compared with those without 
hypothermia.125

The timing of prophylaxis against deep vein thrombo-
sis (DVT) has been an issue of controversy. Investigators 
generally agree on the need for prophylaxis because up 
to 25% of patients with isolated TBI develop DVT,126 and 
most clinicians agree with implementation of prophy-
laxis 48 hours after injury. The immediate postoperative 
use of heparin prophylaxis is probably safe and does not 
confer additional risk of bleeding.127

SUBARACHNOID HEMORRHAGE

Most cases of SAH are aneurysmal in origin (aSAH). The 
incidence of aSAH in the United States has been esti-
mated at 9.7 per 100,000 per year, but it may be as high 
as 14.5 per 100,000.128 As much as a 10-fold variability by 
ethnicity and geography is noted, with the incidence in 
Finland and Japan more than double that in the United 
States.129 Women have a greater risk than men by a fac-
tor of 1.24.129 Most aneurysms occur in persons who are 
more than 50 years old, but gender differences exist, with 
peaks in men aged 25 to 45 years, women aged 55 to 85 
years, and men older than 85 years.129 aSAH has a rela-
tively severe morbidity and mortality. Between 12% and 
15% of patients will die before hospitalization, and 25% 
will die within the first 48 hours, with initial hemorrhage 
the primary cause of death, followed by rebleeding.128,130 
Subsequent morbidity and death are attributable to neu-
rologic deficits secondary to ischemia.128

Significant improvements in mortality and morbidity 
have occurred in recent decades.129 This finding suggests 
that further reductions may be achievable with contin-
ued changes in surgical practice and further concentra-
tion of expertise in regional centers. Paralleling this has 
been the development of neuroimaging and endovascular 
technologies, which have played a large part in improved 
outcome.131,132
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Early Versus Late Treatment
Mortality and morbidity from SAH in those who survived 
the initial hemorrhage are mostly secondary to rebleed-
ing of unsecured aneurysms or onset of delayed cerebral 
ischemia. Delayed cerebral ischemia has long been con-
sidered secondary to vasospasm, but some emerging evi-
dence indicates dissociation between vasospasm and final 
ischemic deficit, a finding suggesting other etiologies of 
ischemia (e.g., microthrombosis).133 This information has 
discouraged the use of vasospasm as an independent out-
come measure in clinical trials,127 but vasospasm remains 
an important cause of ischemia. Rebleeding peaks within 
the first 24 hours after the initial hemorrhage and declines 
progressively thereafter, reaching a plateau of 2% by 6 
months.130 In contrast, vasospasm tends to develop by 
the third day, peaks between 5 and 7 days, and gener-
ally wanes by 14 days. This pattern led to some debate 
on the timing of treatment—in which rebleeding may be 
averted by early intervention but at a risk of an increased 
risk of vasospasm, which may induce devastating neuro-
logic ischemic deficit. Surgically, early treatment is also 
associated with less optimal brain relaxation conditions. 
Although no difference in outcome was reported, aggres-
sive vasopressor therapy and endovascular support have 
tipped the balance in the favor of early clipping in the 
first 72 hours after bleeding.134 Since publication of the 
International Subarachnoid Aneurysm Trial, endovascu-
lar coiling is increasingly the treatment of choice, particu-
larly in posterior fossa aneurysms and in patients in poor 
medical condition.135

In addition to rebleeding and vasospasm, acute hydro-
cephalus develops in 25% to 30% of patients after SAH, 
and emergency ventriculostomy may be lifesaving as well 
as offering a more accurate prognosis.136

Antifibrinolytics
Although antifibrinolytics were previously associated 
with increased incidence of stroke,137 their transient use 
before clipping may offer some advantage, and although 
some concern exists for increased rates of hydrocepha-
lus, studies are under way.138 Many clinicians, however, 
control arterial blood pressure with the use of vasoactive 
infusions (e.g., nicardipine) to reduce the risk of rebleed-
ing until the aneurysm is secured.139

Vasospasm
Vasospasm is thought to derive from the attenuation of 
nitric oxide–induced vasodilation, with an associated 
enhanced production of endothelin production and con-
sequent vasoconstriction. The extravascular heme mol-
ecule is the leading candidate in a long list of possible 
culprits.140 Seventy percent of patients with SAH develop 
angiographic vasospasm, although only 30% to 40% of 
patients will become symptomatic. Patients with a large 
amount of subarachnoid blood are at higher risk for the 
development of vasospasm. The Fisher grade is frequently 
used clinically to prognosticate the risk of vasospasm,80 
and the highest incidence of vasospasm is observed in 
patients with modified Fisher grade 4.82 A meta-analysis 
of treatment techniques suggested no difference in the 
incidence of vasospasm among treatment modalities,141 
whereas more recent studies suggested that the incidence 
Chapter 105: Neurocritical Care 3111

nd severity of vasospasm are less following endovascular 
reatment compared with surgical clipping, but that dif-
erence had little effect on outcome.142,143

The components of “triple H” therapy (hypervol-
mia, hypertension, and hemodilution) have been 
dvocated in varying forms for the treatment of vaso-
pasm since the 1950s and as a consistent package since 
he 1980s.144 Despite a significant anecdotal history of 
ffect, little evidence of benefit has been noted in ran-
omized control trials and meta-analysis.145,146 Triple 
 therapy may also be associated with an increased fre-
uency of complications,147 probably because of the use 
f hypervolemia.146,148

Current recommendations center on augmentation of 
rterial blood pressure with vasopressors, in the context 
f euvolemia rather than hypervolemia.128,129

Hemodilution is largely a passive result of hypervol-
mia, thus reducing its relevance; more importantly, a 
igher admission hemoglobin level is associated with 

ess cerebral infarction and better outcome.149 The use 
f deliberate transfusion to increase oxygen delivery is 
ontroversial, however, with some evidence of increased 
asospasm and poor outcome to counter assertions of 
enefit.149,150 The general critical care literature reinforces 
hese deleterious effects of transfusion.151 A prospective 
rial is awaited.

Studies on the use of nimodipine provide the only level 
 evidence from randomized control trials in SAH. This 
gent, when administered prophylactically from diagno-
is for 21 days, offers modest improvement in outcome 
ith reduction in the incidence of ischemic deficit.128,130 

t does not have a readily apparent effect on the incidence 
f angiographic vasospasm,152 thereby lending weight to 
he argument for alternative explanation of its beneficial 
ffects.133 Nimodipine is known to have fibrinolytic activ-
ty that may be of benefit in microthrombosis.153

Management of vasospasm is facilitated by the appro-
riate use of imaging, including the use of transcranial 
oppler monitoring, SPECT, and cerebral angiography 
hen indicated. Institution of triple H therapy necessi-

ates the use of invasive monitoring, including that for 
rterial blood pressure and central venous pressure (or 
ther indices of preload).

The use of mechanical balloon dilation of blood 
essels—angioplasty—has added a major weapon to the 
rmamentarium against vasospasm.154,155 Angioplasty is 
imited by the caliber of blood vessels, as well as their 
ccessibility, and it carries a risk of catastrophic rupture.155

Pharmacologic angioplasty with intraarterial injection 
f a vasodilator is an accepted technique. First established 
sing papaverine, the use of calcium channel block-
rs such as nicardipine and verapamil is being increas-
ngly reported and has fewer adverse effects. All current 
gents are limited by the transient nature of their effects  
<24 hours).156 Vasodilators may be used in vessels too 
mall to be accessible by balloons.

Other therapeutic approaches have proven disappoint-
ng to date. Trials of endothelin antagonists and statins 
rovided further evidence of some dissociation between 
asospasm and clinical outcomes, but neither drug class 
howed any effect on outcome despite a decrease in the 
ncidence of vasospasm.157,158
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Cardiac Dysfunction
Significant autonomic disturbance may arise with SAH, 
thus resulting in changes in the electrocardiogram and 
myocardial performance. Electrocardiographic changes 
are frequent but do not appear to relate to outcome.159 
However, one series described a 32% incidence of abnor-
mal perfusion scans, independent of the clinical history, 
electrocardiogram pattern, or neurologic condition.160

Abnormal echocardiography has been described in 
up to 8% of patients with SAH, mostly in patients with 
blood in basal cisterns, frequently accompanied by hypo-
tension and pulmonary edema; this feature is associated 
with a poor neurologic grade. A typical pattern of sym-
metric T-wave inversion and severe QTc prolongation 
was described, although multiple electrocardiographic 
patterns had been observed.161

The phenomenon of neurogenic stunned myocardium 
is a definite clinical entity, with what can be a severe lim-
itation of cardiac contractility. It is, however, a revers-
ible condition, in contrast to myocardial infarction, and 
it has a good recovery profile. Obvious abnormalities 
of function start to recede within 72 hours, but when 
stunning is severe, endovascular management rather 
than surgical treatment may be indicated (if the aneu-
rysm is suitable). Cardiac dysfunction may complicate 
and limit the active treatment options for vasospasm and 
may render early mechanical angioplasty more appropri-
ate.162 Unlike atherosclerotic ischemic cardiac myopa-
thy, stunned myocardium often exhibits apical sparing 
on echocardiographic examination.163 Conversely, 
patients with SAH develop cardiac dysfunction similar to 
takotsubo cardiomyopathy, which is an acute transient 
dysfunction resulting from sympathetic overactivity in 
postmenopausal women.164 Troponins are frequently 
increased in acute SAH, and high levels are associated 
with increased hemorrhage, hemodynamic manipula-
tions, and worse outcomes.165 Whether this release of 
troponin represents a frank cardiac injury or a “myocar-
dial leak” remains unknown. Adrenoreceptor polymor-
phism was implicated in myocardial stunning, in which 
different receptor genotypes denoted an increased sensi-
tivity to and release of catecholamines, in turn associated 
with a 3- to 4.8-fold increase in risk of cardiac injury and 
dysfunction.166

A typical strategy for cardiovascular management is 
given in Box 105-4. Comprehensive consensus guidelines 
have been published.128,130

Respiratory Dysfunction
Pulmonary injury is a frequent complication in the 
clinical course of the patient with SAH; nearly 17% of 
patients will experience severe dysfunction. This finding 
is associated with a poor neurologic outcome.167 Blood 
transfusion can increase the risk of lung injury (transfu-
sion-related acute lung injury [TRALI]), which, in turn, 
affects mortality168 (see Chapter 61). Acute pulmonary 
edema can also occur in patients with poor-grade SAH, 
and this edema can be either neurogenic or cardiogenic.

Endocrine and Metabolic Derangements
Hyperglycemia is a risk factor for poor outcome, espe-
cially in SAH.169,170 However, aggressive glucose control 
is not useful in SAH and may worsen outcome.171 As in 
TBI, no basis exists for the use of corticosteroids.172

Hyponatremia is observed in 30% to 40% of patients 
with SAH.173 Whether cerebral salt-wasting syndrome 
(CSWS) or the syndrome of inappropriate secretion of 
antidiuretic hormone (SIADH) is the dominant mecha-
nism is debated.174

In CSWS, sodium is actively excreted from the body 
in high concentration, and accompanying diuresis occurs 
despite ongoing hyponatremia.175 Berendes and col-
leagues demonstrated an associated increase in brain 
natriuretic peptide (BNP) release, thought at that time to 
derive exclusively from the brain.176 Given the increas-
ing evidence for the ventricle as the main source of pro-
duction of BNP, it is unclear whether BNP arises from a 
stressed ventricle at the time of the hemorrhage and asso-
ciated sympathetic discharge or from a brain experiencing 
abnormal perfusion states of homeostatic areas. Hypona-
tremia is also associated with cerebral infarction,177 in 
keeping with the clinical observation that hyponatre-
mia predicts the onset of vasospasm by approximately  
24 hours.178

SIADH is the more common etiology of hyponatremia 
in general, but it should not induce reduction in circulat-
ing blood volume. That such a reduction does occur after 
SAH persuades many (including us) to consider CSWS the 

GENERAL
 1.  Manage hypertension in unsecured aneurysms (with nicar-

dipine titrated to systolic BP < 140 mm Hg.
 2.  Maintain euvolemia prophylactically; no role for prophylac-

tic hypervolemia.
 3.  Administer nimodipine (possibly statins).
CARDIOVASCULAR INSTABILITY
 1.  BP and cardiac output goals will alter as aneurysm is 

secured.
 2.  ECG
If abnormal (QTc prolongation, ST-segment changes): check 
troponins.
If troponins elevated: perform echocardiography.
 3.  Perform echocardiography if any manifested hypotension 

or heart failure is suspected.
 4.  Monitor cardiac output.
 5.  Support on dobutamine for cardiac output and norepi-

nephrine for blood pressure.
 6.  Consider coiling as soon as practicable.
 7.  Reserve coronary catheterization for isolated wall motion 

deficit and rising troponins (coil first if possible).
 8.  Avoid β-blockers unless the patient has active coronary 

artery disease.
 9.  Vasospasm: treat with euvolemia/mild hypervolemia, 

pressors, and cardiac output monitoring: adjust targets as 
perfusion tests suggest.

 10.  Transfusion: maintain hematocrit >25%. Avoid use of 
stored blood if possible.

BOX 105-4 Suggested Cardiovascular 
Management Strategies in Subarachnoid 
Hemorrhage

BP, Blood pressure; ECG, electrocardiogram.
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Figure 105-8. Algorithm for the differential diagnosis of hyponatremia in the neurosurgical patient. CSWS, Cerebral salt-wasting syn
SIADH, syndrome of inappropriate secretion of antidiuretic hormone.
more relevant etiology.179 Profound differences exist in 
the subsequent management of hyponatremia in these 
two conditions. CSWS indicates replacement with sodium 
and fluids, whereas SIADH may indicate fluid restriction, 
which may aggravate vasospasm and ischemic deficit. The 
situation is rendered all the more complex by the consid-
eration that volume loading itself induces natriuresis.180 
Both disorders are associated with SAH, and the main dis-
tinguishing feature is the state of intravascular volume; 
CSWS is associated with depletion, whereas SIADH is 
associated with elevation. Because of the adversely com-
bined effects of hyponatremia and decreased blood vol-
ume on delayed ischemic deficits, many clinicians have 
advocated the use of hypertonic saline as the primary 
treatment for hyponatremia in patients with SAH. 181 A 
suggested algorithm for resolving diagnostic uncertainty 
is given in Figure 105-8.

Feeding and Nutrition
SAH induces a profound stress response in which the 
hypercatabolic state relates to the severity of the neu-
rologic insult. Resting energy expenditure may reach 
a peak of 172% that of normal on day 10 after hemor-
rhage. This change, coupled with the tendency to suffer 
from headache, nausea, and vomiting, leads to relative 
hypoalbuminemia that may compound the tendency for 
hypovolemia.182

ISCHEMIC STROKE

Stroke is the fourth leading cause of death in the United 
States after heart disease, cancer, and chronic lower respi-
ratory disease. It is a major source of disability, with 
795,000 cases per year and a prevalence of 3%.183

The deprivation of oxygen and nutrients to the brain 
beyond the combined thresholds of severity and time 
induces cellular death in neuronal tissue. In complete 
occlusion, this process starts within minutes. Around the 
dead tissue, an area of marginally sufficient blood sup-
ply exists in which the probability of cell death is related 
to ischemic time. This is the ischemic penumbra and is 
potentially salvageable with aggressive intervention. Just 
as cardiologists say “time is muscle,” it can also be said 
that “time is neurons.”

Thus, the goals of treatment have moved away from 
physiologic stabilization and risk factor avoidance toward 
accelerated reperfusion and retrieval of threatened brain 
tissue.

Paralleling aggressive cardiac management in threat-
ened infarction, treatment should start in the emergency 
department but continue into the ICU. Intravenous 
thrombolytics were initially deployed, followed by 
intraarterial and mechanical thrombolysis and, more 
recently, varying combinations of each modality. Cur-
rent recommendations for treatment windows are 4.5 
hours for intravenous therapy or 8 hours for the intra-
arterial route, but this regimen may be adjusted in the 
light of perfusion- and diffusion-weighted MRI mis-
match.184 No evidence suggests the benefit of one strat-
egy over another on the most recent systematic review 
of anterior circulation stroke. The addition of stents 
to support subsequent vessel patency is a fast-growing 
practice with ongoing studies exploring efficacy.184 Ver-
tebrobasilar occlusion may benefit from the more recent 
techniques.185

Vigorous perfusion should be maintained until throm-
bolysis has been attempted. Consequently, hypertension 
should not be treated unless it is inducing myocardial 
damage or unless intracerebral hemorrhage (ICH) has 
already occurred (hemorrhagic conversion). This latter 
circumstance also precludes thrombolysis. Hypotension 
should be actively avoided.
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Once thrombolysis has been attempted, this increases 
the risks of hemorrhage, and hypertension should be 
moderated.186 Unwanted side effects obviously center 
around hemorrhage, which is associated with higher 
thrombolytic doses and later treatment.187 Keen atten-
tion should be paid to postprocedural CT scans and any 
signs of systemic hemorrhage such as lower abdominal 
pain, which may indicate retroperitoneal bleeding. Areas 
of brain that cannot be salvaged will swell, causing com-
pressive ischemia in adjacent regions. Just as the effects of 
TBI and SAH may vary by anatomic site, so, too, will the 
effects of ischemic stroke vary with the particular vascular 
area of occlusion.

In addition to control of cerebral volume, interest has 
revived in the early use of decompressive surgery in cir-
cumstances of “malignant” swelling. Edema can induce 
ICP in excess of 30 mm Hg, with a correspondingly high 
mortality. Studies to date suggest treatment benefit if 
decompressive craniectomy is carried out in the first 24 
hours after onset of symptoms, with aggressively sized 
bone flaps.188 Increasing age and CT hypodensity have 
adverse effects, but hemispheric dominance is less impor-
tant. However, efficacy remains a concern because good 
functional outcomes are in the minority.189

POSTOPERATIVE NEUROSURGICAL CARE

Many neurosurgical procedures are lengthy and involve 
significant insult to the brain (see Chapter 70). Thus, 
postoperative admission to the ICU for avoidance of sec-
ondary insult and a more graduated withdrawal of ven-
tilatory support is common, although most significant 
events after craniotomy happen in the immediate post-
operative period.190 ICU care particularly entails careful 
control of arterial blood pressure to minimize edema 
formation, by taking into account potential compromise 
of autoregulation and cerebrovascular compliance. How-
ever, the importance of neurologic examination cannot 
be overemphasized, and early withdrawal or intermit-
tent interruption of sedation to allow appropriate clini-
cal examination is a prudent approach to follow these 
patients.

Patients with vascular lesions such as arteriovenous 
malformations and vascular tumors predisposed to the 
development of hyperemia benefit from careful attention 
to blood pressure management, as do patients undergoing 
carotid endarterectomy. In both arteriovenous malforma-
tion and carotid disease, areas of the brain adjacent to the 
malformation or ipsilateral to the tight carotid stenosis 
may have absent autoregulatory control or may autoregu-
late only at a significantly lesser range of arterial blood 
pressure. Until the autoregulatory mechanism returns to 
normal, blood pressure should be carefully and tightly 
controlled to prevent what has been termed normal pres-
sure perfusion breakthrough. This can be accomplished 
with intravenous nicardipine or esmolol infusion, or 
both, to allow titratable adjustment of the blood pressure.

Aneurysmal clipping is not in this category, except in 
cases of vascular graft bypass procedures, in which atten-
tion should be paid to minimum as well as maximum 
pressure targets. This is known as the Goldilocks approach. 
If arterial blood pressure is maintained too low, then 
his may risk graft thrombosis. If arterial blood pressure 
s too high, then the graft may rupture, or hemorrhage 

ay occur. Although the range maintained is arbitrary, 
nd no supporting data are available, systolic blood pres-
ure probably should be maintained in a narrow range 
etween 100 and 120 mm Hg.

Although not common, patients treated with lumbar 
SF drainage may develop central herniation syndrome. 
he diagnosis is not always apparent, and the sudden 
ecline in mental status, with a history of CSF drainage, 
hould prompt appropriate imaging of the brainstem. 
reatment is with fluid hydration and maintenance of 
he patient in the Trendelenburg position.

NTRACEREBRAL HEMORRHAGE

ontraumatic ICH may arise from ruptured aneurysm, 
uptured arteriovenous malformation, hemorrhagic 
troke (amyloid angiopathy, hypertension), conversion 
rom ischemic stroke, tumor, substance abuse (alcohol, 
ocaine, methamphetamines), and the use of warfarin 
Coumadin). This wide range of differential diagnoses 
an swiftly be refined by the CT scan, with accompany-
ng clinical signs aiding localization and the assessment 
f pathophysiologic effect. Angiography may be required 
o rule out aneurysmal rupture.

Management is to avoid secondary insult by reducing 
he incidence of rebleeding, hypoxemia, hypercarbia, or 
dema.191,192 Essential care is directed toward the airway 
nd circulation. If the initial CT or MRI appearance sug-
ests arteriovenous malformation, then care should be 
aken to limit blood pressure to reduce the risk of rebleed-
ng. The addition of ICP monitoring allows one to set the 
PP target and provide a more physiologic approach to 

he management of systemic blood pressure. If the ICH is 
n the posterior fossa or midbrain, consideration should 
e given to the insertion of a ventriculostomy to reduce 
he risk of hydrocephalus. Patients with lesions in these 
egions are prone to airway and respiratory problems and 
ay need early tracheal intubation to protect their air-
ay and prevent aspiration.
Nimodipine does not have an established role in these 

ircumstances. Corticosteroids are also not indicated. If 
he patient is receiving warfarin, it should be reversed 
ith fresh frozen plasma and vitamin K.
Most intracranial hematomas expand in volume dur-

ng the first 24 hours, and the volume of expansion is cor-
elated with outcome. Although recombinant factor VIIa 
ed to a reduction in hemorrhage volume, outcome is not 
mproved. The role of recombinant factor VIIa in ICH is 
herefore uncertain, although it may be useful for rapid 
eversal of patients receiving warfarin.

The management of intracranial hemorrhage is gen-
rally medical and supportive, with control of arterial 
lood pressure to less than 180 mm Hg. Ongoing clinical 
rials are targeting a systolic blood pressure of 140 mm Hg 
o decrease the risk of ICH volume expansion.193,194

Surgery is rarely indicated.192 However, in patients with 
erebellar hemorrhage, and brainstem compression, or in 
hose showing acute neurologic deterioration or obstruc-
ive hydrocephalus, surgical evacuation of clots may be 
ndicated.191,192 Although patients with other types of 
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stroke have experienced improved morbidity and mortal-
ity in recent years, no significant change in outcome after 
ICH has occurred.

BRAIN INJURY AFTER CARDIAC ARREST

Although the therapeutic cerebroprotective value of 
induced moderate hypothermia has been disappointing 
in both TBI and SAH, its efficacy in improving neurologic 
outcome has been demonstrated in patients who suffered 
global hypoxia secondary to ventricular fibrillation (see 
also Chapter 108). Neurologic morbidity is common in 
those patients experiencing global cerebral ischemia as a 
consequence of cardiac arrest and is related to the genera-
tion of free radicals and cellular injury on reperfusion of 
the ischemic brain.

Two studies reported improved neurologic outcome 
and reduced mortality in patients with ventricular fibril-
lation who were resuscitated but remained in coma and 
were immediately treated with mild hypothermia in 
the range of 32° to 34° C.195,196 These results were con-
firmed in a wider population, and a regimen of 12 to 24 
hours of mild hypothermia is now recommended treat-
ment for all post–cardiac arrest patients with neurologic 
dysfunction.197

Whereas initial studies induced hypothermia using 
cooled intravenous solutions, more sophisticated meth-
ods and devices have since been introduced. These include 
noninvasive methods such as forced air cooling with limb 
and trunk blankets, topical adhesive cooling pads, and 
invasive methods deploying intravascular heat exchange 
catheters. Water-cooled adhesive pads connected to heat 
exchange units are the most commonly used methods at 
present.

Some clinicians consider the use of somatosensory 
evoked potentials (particularly the N20 and N70 laten-
cies) to be helpful in the prognosis of coma after cardiac 
arrest.198

STATUS EPILEPTICUS

This condition has been defined as “repeated seizures 
occurring frequently without recovery between attacks” 
and has a significant morbidity and mortality, with 
approximately 50,000 deaths per year for an estimated 
annual incidence of 126,000 to 195,000 cases.199 Some 
clinicians have attempted to refine this condition by 
using a stricter definition of continuous seizure lasting 
at least 30 minutes. Irrespective of the definition of sta-
tus epilepticus, prompt treatment of seizure should be 
instituted because a seizure lasting beyond 5 minutes is 
unlikely to stop spontaneously. Variants of seizure type 
are seen, but all may present in status epilepticus, includ-
ing nonconvulsive types, which present their own par-
ticular diagnostic challenges.200

Seizure activity may arise from any major insult affect-
ing the cerebral cortex, whether infectious, mechanical, 
metabolic, or toxic. Even mild insults may provoke sta-
tus epilepticus in which the seizure threshold is reduced 
by preexisting parenchymal disease or comorbidity (e.g., 
alcohol withdrawal). Given the previously outlined 
emphasis on the avoidance and termination of secondary 
Chapter 105: Neurocritical Care 3115

insult to the brain, the metabolic disadvantage of statu
epilepticus is readily apparent. Management guideline
have been published.201 Goals of treatment include sei
zure termination, physiologic support, and prevention
of recurrence. This approach may involve intubation
and ventilation, in which long-term paralytic agent
should not be used for fear of masking ongoing or recur
rent seizure. Electroencephalographic control is highl
recommended. Preferred anticonvulsants for acute ter
mination include lorazepam and midazolam, in view o
their relatively benign cardiovascular profile. Phenytoin
remains a commonly used agent but takes time to admin
ister because it can provoke hypotension and bradycar
dia if given rapidly. Hypotensive effects may also limi
the usefulness of thiopental, pentobarbital, and propo
fol.201 In some patients refractory to treatment with usua
antiepileptics, inhaled anesthetics have been used with
success.202

GUILLAIN-BARRÉ SYNDROME

Guillain-Barré syndrome (GBS) occurs at a rate of 1 t
4 cases per 100,000 population per year. The incidenc
increases with age, and this disorder is one of the mos
common neurologic causes of admission to critical car
units.203,204

The classic form of GBS is acute inflammatory demy
elinating polyneuropathy that appears as progressivel
ascending muscle weakness. This can manifest as flacci
paralysis and respiratory failure. Several clustered condi
tions are associated with the syndrome, including acut
inflammatory demyelinating polyneuropathy (AIDP)
acute motor axonal neuropathy (AMAN), acute motor
sensory axonal neuropathy (AMSAN), and Miller-Fishe
syndrome (MFS), with MFS affecting the cranial nerve
first. AIDP is the most common variant seen in the Unite
States, and more than 50% of all patients have a recen
history of bacterial or viral infection. Campylobacter jejun
is the most frequently observed pathogen, along with
cytomegalovirus, Epstein-Barr virus, and herpes sim
plex. GBS may display sensory and autonomic features
depending on the subtype, and some variation in spee
of onset and offset is noted. Commonly, symptoms prog
ress over several days to reach their peak at 2 weeks, with
a plateau thereafter. In approximately 5% of patients, GB
progresses more rapidly, with maximal loss of function
within 72 hours of symptom onset. At 4 weeks, most hav
progressed to the limit of their symptoms, and improve
ment is observed to start soon thereafter. Recovery ma
be protracted for up to 6 months, however. Whether th
speed of onset relates to a slower rate of recovery and out
come limitation is debated.203,204

Loss of ventilatory efficacy is the main reason fo
admission to the ICU. A forced vital capacity of less than
20 mL/kg is a sensitive indicator of need for observation
and 15 mL/kg for probable intubation, along with clini
cal signs of fatigue and airway compromise. Hypercarbi
is a relatively late sign, and the clinician should not rel
on it.

Bulbar dysfunction, albeit less common, may appea
before ventilatory compromise, particularly in patient
with the MFS variant.
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Dysautonomia is seen in up to 20% of patients and 
is a source of morbidity.205 It should be monitored care-
fully, because of the significant mortality of arrhythmia 
in older patients. Dysautonomia can vary from urinary 
retention to fixed tachycardia to both severe hypotension 
and paroxysmal hypertension.

Investigations should include electrocardiography, 
CSF protein (for acellular protein elevation), electromy-
ography (axonal degeneration is associated with poorer 
recovery), and antibody status or screening for possible 
causative pathogens and also prognosis. GM1 antibody is 
associated with worsened recovery, whereas MFS is associ-
ated with anti-GQ1b antibody.204

Particular challenges to management are the problems 
of deafferentation pain and psychiatric depression. The 
pain can be severe, is truncal in distribution, and may 
respond to anticonvulsants more than to opiates. It cer-
tainly contributes to the frequently observed depression. 
This pain is often worsened by immobility, boredom, and 
the limited ability of busy staff to engage actively with a 
(relatively unusual for the neurocritical care unit) cogni-
tively intact patient. Early tracheostomy in identifiably 
prolonged cases is appropriate.

Both symptom limitation and recovery from GBS 
have been improved with the use of plasmapheresis or 
the intravenous administration of gamma globulin. No 
advantage is seen with one treatment approach over the 
other or in combination. However, many physicians try 
them sequentially in cases of treatment failure. Persis-
tence of foot drop at the conclusion of immunotherapy is 
an indicator of longer-term ventilation.206

Neither interferon nor corticosteroid use has been 
shown to improve outcome, either alone or in combina-
tion with immunotherapy.203

SPINAL CORD INJURY

In contrast to GBS, spinal cord injury is much more com-
mon (11,000 cases/year), is intractable to treatment, 
and almost inevitably has permanent effects. The num-
ber afflicted in the United States is estimated to exceed 
270,000. The degree of dysfunction is similar to GBS in 
that as the level of injury ascends, the patient has a high 
level of motor paralysis of the lower limbs, trunk, upper 
limbs, and diaphragm. Additionally, traumatic sympa-
thectomy also occurs, producing bradycardia, hypoten-
sion, and gastrointestinal paralysis. This gastrointestinal 
aspect is often overlooked, and subsequent abdominal 
distention can embarrass an already compromised dia-
phragm into inefficacy. The cardiovascular effects of 
sympathectomy, particularly above T5, manifest as bra-
dycardia and hypotension.207 This patient can be sup-
ported by fluid and pressor therapy, and the tachycardic 
effect of dopamine may be a useful attribute. Unopposed 
vagal stimuli, as well as hypoxia, may induce bradycar-
dia.207 Resuscitation targets are controversial, with more 
recent interest in maintaining spinal perfusion analogous 
to the CPP of TBI. Patients with injuries below T5 may 
still manifest hypotension but usually only on the provo-
cation of posture, hypovolemia, or comorbidities.

Ventilatory support depends on the level of injury. If 
the injury is below C5, although the diaphragm remains 
functional, in the acute stage respiratory embarrassment 
secondary to abdominal and intercostal paralysis can still 
occur because flaccidity in these muscles significantly 
decreases the functional efficiency of the diaphragmatic 
contraction. Thus, paradoxic respiration with chest 
indrawing during inspiration occurs. This can be allevi-
ated in part with the use of an abdominal binder. With 
complete cervical spinal cord injury, acute respiratory fail-
ure is common, secondary to the sudden loss of functional 
residual capacity and the inability of the sternocleidomas-
toid muscle to stabilize the chest wall. With time, many 
patients can regain the ability to breathe spontaneously, 
except those with high cervical lesions. Controversy exists 
regarding the ventilatory pattern used for spinal patients. 
Some investigators suggest that a larger tidal volume should 
be used, with an aim of opening more alveoli, reducing 
atelectasis, and treating air hunger. No randomized clini-
cal trials are available to support this, and it would seem 
contrary to more recent insights into lung stretch injury. 
Air hunger may be more a consequence of disordered pro-
prioception than an indication to hyperventilate.208

Lower limb blood flow is reduced with increased arterial 
and venous pooling. This is associated with a higher inci-
dence of thromboembolic disease, and early prophylaxis 
with low-molecular-weight heparin is recommended.

As with GBS, the patient with spinal cord injury is 
commonly aware, and this constitutes an additional 
burden of psychological stress. Consequently, the best 
approach taken is truly holistic, tending to psychologi-
cal needs, as well as to cardiopulmonary, gastrointestinal, 
renal, and integumentary support. Significant advances 
have been made in the critical care and rehabilitation 
support afforded to these patients, and 2-year survival has 
increased significantly since the 1980s. Unfortunately, 
this improvement has not translated to increased long-
term survival.209

MYASTHENIA GRAVIS

Although myasthenia gravis is a relatively uncommon 
disease (prevalence of 10 to 20 per 100,000), it is relevant 
to neurocritical care in that patients can present acutely 
with rapid deterioration of muscle function, predisposing 
to ventilatory failure—the myasthenic crisis. Myasthenia 
itself has a strong association with various autoimmune 
conditions (e.g., thyroid disease, pernicious anemia, 
rheumatoid arthritis), as well as being linked to women 
with certain human leukocyte antigen (HLA) types.210,211

The myasthenic crisis can be precipitated by a progres-
sion in severity of the disease state or often by amplifica-
tion by another factor. This factor can include infection, 
recent surgery, or interruption of immunosuppressants. 
Many drugs can exacerbate myasthenic crisis, includ-
ing aminoglycosides, fluoroquinolones, anticonvulsants 
(including phenytoin), steroids, β-blockers, calcium 
antagonists, ketamine, lidocaine, neuromuscular block-
ers, and anticholinergic agents.211

The diagnosis should exclude GBS, brainstem stroke, 
organophosphate poisoning, and botulism. Tests should 
include electrophysiology, CSF protein, edrophonium 
response, and antibodies to acetylcholine and muscle 
tyrosine kinase receptors.



The presentation is typically that of acutely worsening 
weakness of either respiratory or pharyngeal muscles, or 
both. The patient should be observed closely for signs of 
impending respiratory failure. Forced vital capacity is again 
useful with 15 mL/kg being a useful trigger for intubation.211

The other mainstay of therapy is by immunomodu-
lation. Typically, intravenous immunoglobulin or plas-
mapheresis is started quickly to limit progression of 
symptoms and avert frank crisis. Corticosteroids do 
have a role in establishing longer-term control of immu-
nosuppression because immunoglobulin G (IgG) and 
plasmapheresis have limited duration of efficacy. Corti-
costeroids alone are associated with a transient worsening 
of symptoms, before improvement, so they are best used 
concurrently with or immediately after plasmapheresis  
or IgG.212

MENINGITIS

Meningitis is a serious condition producing inflam-
mation of the leptomeninges covering the CNS. The 
causative pathogens differ among different patient popu-
lations. Community infections are frequently caused by 
Streptococcus pneumoniae, Haemophilus influenzae, Listeria 
monocytogenes, Neisseria meningitidis, and group B strep-
tococci. N. meningitidis is particularly evident in teenag-
ers. Since the advent of a childhood vaccination program, 
H. influenzae affects chiefly adults, but the other organ-
isms tend to affect all age groups. Nosocomial infection, 
in contrast, predominantly arises in the neurosurgical 
patient, especially with the use of ventricular devices, 
and the pathogens here comprise gram-negative rods and 
staphylococci. Diagnostic features include fever almost 
invariably with the classic nuchal rigidity and change 
in mental status; less often, photophobia, papilledema, 
and new-onset seizures may be seen. A rash is typical of 
meningococcal infection, whereas arthritis occurs in a 
significant minority. Tests should include CSF Gram stain 
and culture by lumbar puncture, but any previous antibi-
otic dosing can diminish sensitivity. Under this circum-
stance, polymerase chain reaction (PCR) testing is the 
method of choice, thus displacing the more variable latex 
agglutination test. A CT scan should delay the lumbar 
puncture only when the patient’s history suggests a previ-
ous mass lesion, stroke, or focal infection, recent seizures, 
or immunocompromise. Similarly, signs of papilledema, 
depressed level of consciousness, or focal deficit indicate 
a need for a CT examination to avoid herniation. Cere-
bral edema not infrequently develops in patients with 
meningitis and can lead to acute deterioration in mental 
status. ICP monitoring may be indicated.

Treatment should be delivered swiftly, pausing only to 
obtain emergency samples for Gram stain and culture. If 
no identification is possible on Gram stain, empiric anti-
biotic therapy should be delivered with third-generation 
cephalosporins (e.g., ceftriaxone or cefotaxime), along 
with vancomycin until organism and sensitivities are 
obtained. This approach covers the community-acquired 
pathogens. Nosocomial or trauma-associated infections 
can be effectively treated with cefepime and vancomycin. 
Steroids are useful adjuncts in bacterial meningitis and 
have been shown to reduce mortality.213
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The outcome of meningitis is a function of patient-
related factors, the pathogenicity of the organism, and 
the time to effective treatment. An interesting study 
examined admission hypotension, altered mental status, 
or seizures for an effect on outcome. A 9% mortality rate 
occurred when one factor was present, and it increased to 
33% for two factors and to 57% for all three.214

ENCEPHALITIS

Encephalitis manifests with fever, headache, and altera-
tion of consciousness. Patients may also have delirium, 
focal deficit, and, commonly, seizures. Nuchal rigidity 
may be present in a mixed meningoencephalitis picture 
but should be absent in isolated encephalitis. Accompa-
nying identifiers may be a vesicular rash associated with 
herpes zoster (although its absence does not remove zos-
ter from suspicion), bilateral paralysis typical of West 
Nile disease, parotitis if mumps is suspected, and, of 
course, the hyperactivity, hydrophobia, and pharyngeal 
spasm of rabies. West Nile neuroinvasive disease has 
increased its incidence from 62 cases in 1999 to 438 in 
2011, over 43 states, with estimates of up to 34,000 non-
neurologic infections per year.215 Many nonviral and 
noninfectious causes of encephalitis may confound the 
diagnosis. These include vasculitis, systemic lupus ery-
thematosus, stroke, rickettsial and parasitic infection, 
and drug-induced meningitis (e.g., IgG). Careful exami-
nation of clinical features, history, and laboratory data 
is necessary. CSF should be drawn for viral DNA poly-
merase chain reaction, as well as the routine biochemis-
try, culture, and cell count. MRI is useful in identifying 
the demyelination and edema that can be difficult to 
see on CT. Serum serology is helpful for the diagnosis 
of Epstein-Barr virus, mumps, and West Nile disease as 
sources of encephalitis. Paired samples are recommended 
to allow later comparison if CSF PCR is unhelpful. Brain 
biopsy was considered the gold standard but is now a last 
option after CSF PCR, culture, and serology have proven 
negative.

Herpes simplex type 1 infection carries a very poor 
outlook if it is not treated expeditiously, and a course of 
intravenous acyclovir is recommended as soon as samples 
are drawn.

The pathogen remains unidentified more often than 
not, and outcome usually then depends on classification 
of the clinical features, with intractable seizure and cere-
bral edema carrying a poor prognosis. Self-limiting sei-
zure usually indicates a swift recovery.

BRAIN DEATH

It is crucially important that the physician understand 
the principles of the diagnosis of brain death and be able 
to apply them assiduously and without compromise (see 
Chapter 76). Many unfortunate instances of poor under-
standing have led to imperfect examination, misdiagno-
sis, and considerable distress to all concerned.

Declaration of brain death was originally codified by 
the Harvard criteria in 1968, with subsequent modifica-
tion to allow separation of cerebral death from death of 
the entire nervous system including the spinal cord.216
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The diagnosis is built on a solid clinical examination 
of nervous system function, by examining the reflex 
response of the brain and cranial nerves to varying stim-
uli of hypercarbia, pain, light, temperature change, atti-
tudinal change of the middle ear, and detection of the 
blink, cough, and gag reflexes. The mechanisms for the 
cause of neurologic dysfunction should be clear. As with 
the operation of the GCS scale, the examination must be 
done in circumstances of adequate systemic oxygenation 
and perfusion. Confounders, such as hypothermia, meta-
bolic or endocrine compromise, and persistent sedative 
or neuromuscular drugs, should be avoided, corrected, or 
removed. Although guidelines allow a single examiner in 
adults,217 many clinicians believe that two examiners are 
preferable, and this is mandatory in pediatric cases218 (see 
also Chapter 95). At least one of the testing physicians 
should have had training in neurology, neurosurgery, or 
neurocritical care. Time between tests is less important 
for diagnosis than for the opportunity to start commu-
nicating with and preparing the family. One of the tests 
should include an appropriately conducted apnea trial 
in the presence of the physician, with confirmation of 
adequate changes in Pco2. Two apnea trials are required 
in pediatric cases.218 If for any reason any test cannot 
be completed in a safe manner, or to the satisfaction of 
either physician, then an ancillary test of CBF should be 
performed.

The hospital should have an institutionally approved 
protocol for the conduct of these tests and mechanisms 
in place for review and quality improvement.

ETHICAL CONSIDERATIONS

Ethical issues are frequently encountered in a neuro-
logic ICU setting (see Chapter 10). Unfortunately, as 
well as the mortality described previously, significant 
life- altering morbidity occurs, to the extent that many 
patients and families would not desire aggressive ther-
apy.219 This can be a difficult concept to accept for the 
physician, whose aim is to heal and preserve life. How-
ever, the ethical imperative in Western culture is to pre-
serve the autonomy of the individual (along with the 
principles of nonmaleficence, beneficence, and justice), 
and this has been extended to health care decision mak-
ing. This situation may lead to uncomfortable choices 
and communication within the health care team, whose 
members may have differing opinions on goals, and 
from there to the patient and relatives, who, again, may 
think very differently.

Certain strategies can avoid or minimize these 
difficulties:
  

 •  Prognosis should be made on the basis of the best 
available evidence. This may involve planning and 
discussion among the team members in advance of 
meeting with families. The personal anecdote should 
be avoided, even if solicited.

 •  The relationship within the team should be open 
and collegial, with mutual respect given to the 
principle of open discussion. This approach avoids 
misperception of goals and attitudes and enables more 
consistent communication with families, who often 
find dissonance among members of the ICU team 
disturbing.

 •  The presence of an advance directive offers major 
benefits, and the neurocritical care unit should have an 
admissions protocol that includes asking all competent, 
conscious patients to consider making their attitudes or 
wishes known.

 •  Regular family and patient conferences allow 
communication of prognosis as it is appropriate 
and offer the opportunity for correction of any 
misconceptions, as well as progressive education of the 
family to anticipated problems.

 •  Internal institutional mechanisms for raising concerns 
and conducting reviews should be in place. This is often 
facilitated by the presence of an institutional ethics 
committee, whose members can examine the issues, 
promote educational discussion, and help achieve a 
consensus.

 •  All decision making should be documented carefully 
and completely.

 •  Orders for limitation or withdrawal of therapy should 
be written explicitly, and institutional protocols should 
be used wherever possible.

  

Other important areas of possible conflict exist that 
are not possible to address within the confines of this 
text, but readers are advised to educate themselves on the 
following:
  

 •  The issues surrounding organ donation from the brain 
dead and the non–heart-beating donor

 •  Withdrawal of care for the incompetent patient without 
family

 •  Hospital bylaws and state legislation on the 
certification of death, whether that be by neurologic or 
cardiovascular criteria

CONCLUSION

Neurocritical care demands a thorough comprehension of 
the physiology, pharmacology, and pathology of the ner-
vous system, as well as for the organ systems supporting 
it. The best care is provided in circumstances that allow 
multidisciplinary collaboration and appropriate atten-
tion to detail of often complex and demanding patho-
logic processes, but integrating them optimally under the 
direction of the critical care physician.
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Nutrition and Metabolomics
CHARLES WEISSMAN

K e y  P o i n t s

 •  Sepsis, trauma, and surgery activate complex metabolic and inflammatory 
responses that affect all body systems.

 •  Catabolism, hypermetabolism, hyperglycemia (diabetes of injury), and enhanced 
lipolysis characterize the metabolic response to the stress response.

 •  The counter-regulatory hormones (e.g., cortisol, glucagon, catecholamines) along 
with the cytokines (e.g., interleukin 1, tumor necrosis factor) are major mediators 
of the stress response.

 •  Certain intraoperative anesthetic and postoperative analgesic techniques can 
modulate the stress response.

 •  During the acute phase of illness, patients unable to eat should receive parenteral 
or enteral nutritional support.

 •  Nutritional support during the acute phase of critical illness is a supplementary 
therapy designed to provide patients who are suffering from underlying metabolic 
disarray with sufficient nutrients to aid cellular biochemical functions and attenuate 
further loss of body mass.

 •  Only once the ravages of the stress response have abated can lost lean and fat 
mass be repleted.

 •  Overfeeding or aggressive refeeding should be avoided.
Humans are adaptable organisms with many interrelated 
mechanisms that identify, respond, and neutralize both 
internal (e.g., infection) and external (e.g., temperature 
extremes) events (stressors) that threaten or upset homeo-
stasis. Anesthesiologists must be knowledgeable about 
these mechanisms because they routinely care for patients 
with acute and chronic homeostatic changes. Moreover, 
anesthesia and surgery involve significant disruption and 
manipulation of body physiologic processes, anatomy, and 
biochemistry, which activate the body’s responses to stress.

The stress response evolved as a means for helping organ-
isms react to immediate danger. The outpouring of cate-
cholamines and other hormones increases the outputs of 
the respiratory, cardiovascular, and metabolic systems, thus 
enhancing the organism’s ability to flee from an enemy and 
to maintain perfusion to vital organs after blood loss. Meta-
bolic alterations caused by changes in the hormonal milieu 
increase the availability of certain substrates and reduce 
the availability of others. The organism thus attempts to 
improve conditions for wound healing, blood coagulation, 
and humoral immunity, a response that is beneficial in 
acute events such as bleeding and infection. Although once 
regarded positively as the body’s defense mechanism, the 
stress response is now regarded more equivocally because 
its physiologic consequences, especially increasing the out-
put of various organ systems, may lead to greater morbidity 
3121

and mortality by overtaxing already compromised organ 
systems. For example, among patients with underlying 
coronary artery disease, the tachycardia and increased 
myocardial oxygen demand resulting from catecholamine 
stimulation can cause myocardial ischemia.

The stress response was initially described by Hans Selye 
as “the nonspecific response of the body to any demand 
upon it.”1 However, contemporary research demonstrates 
that the nature of response varies, depending on the type 
and intensity of the stressor and is only nonspecific when 
the stress is overwhelming. Furthermore, chronic activa-
tion of the stress response has been implicated as contrib-
uting to a variety of conditions, such as atherosclerosis 
and depression. Although chronic stress is not often the 
cause of the disorder, it contributes to its pathogenesis, 
exacerbations, and duration.2

SYSTEMS BIOLOGY AND METABOLOMICS

Organisms are complex systems—systems with many 
dynamic and nonlinear relationships among heteroge-
neous interconnecting parts, whose actions and properties 
cannot be completely explained by the structure and func-
tion of the individual components. This biocomplexity 
is further characterized by multiple levels of organization 
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(e.g., genes, cells, tissues), multiple feedback loops, robust 
responses to perturbations, the ability to adapt to endog-
enous and exogenous threats, and nonintuitive and often 
paradoxic behavior.3 The need to better understand bio-
complexity, such as during stress, has spawned interest in 
systems biology/medicine, which uses mathematical model-
ing and systems engineering methods to provide mecha-
nistic explanations of physiologic and pathophysiologic 
interrelationships.4 Complementing the systems approach 
have been omic techniques that analyze the total collection 
of genes (genomics), proteins (proteonomics), or metabo-
lites (metabolomics) in a cell, tissue, or organism. For 
example, metabolomic techniques are used to compare dif-
ferences in individual metabolites and metabolic pathways 
under normal and pathologic circumstances.5 These newer 
approaches are a departure from the usual reductionist 
methods, which analyze a system’s individual components 
by taking a wide-ranging view of the intricate biosome.

METABOLIC CONTROL SYSTEMS AND THE 
RESPONSE TO SURGICAL STRESS

Living organisms constantly undergo adjustments to adapt 
to ever-changing internal and external conditions. These 
natural alterations are termed allostasis and include diurnal 
variations in temperature and cortisol production, metabolic 
changes as a result of eating and drinking, and the cardiopul-
monary responses to exercise.6 Stress occurs when allostatic 
mechanisms are insufficient for maintaining homeostasis, 
thus causing the organism to alter many of its functions sig-
nificantly to reduce and contain the stressful threat.7

Cuthbertson classically described the response to sur-
gical and traumatic injury as having three phases:

 1.  The ebb phase (≤24 hours), also called the resuscitative 
phase, is characterized by tissue hypoperfusion that 
requires treatment.

 2.  The flow phase (its duration depends on injury severity) 
has a milieu characterized by catabolism, hypermetabo-
lism, hyperglycemia, and an inflammatory response.

 3.  The anabolic phase (may last for months) is when 
anabolism facilitates the repair of injuries and a return 
to a normal metabolic environment.

  

However, the improved survival from major injury, 
occasioned by modern surgery and critical care, blurs this 
classic scheme. Today, patients who are critically injured 
often undergo multiple surgeries within a few days of 
their injury and suffer from iatrogenic infections during 
extended stays in an intensive care unit (ICU). These sur-
geries and infections add further stresses—second hit—to 
an already highly stressed system.8 The consequences of 
these second hits are problematic because they perpetuate 
or intensify metabolic changes that increase the chance 
of developing multiple-organ failure.9

HYPOTHALAMUS-PITUITARY AXIS

Many allostatic, as well as homeostatic, changes are 
controlled by feedback control systems and centered on 
the hypothalamic-pituitary axis. Hypothalamic activa-
tion, secondary to afferent neuronal input from an area 
of injury, or emotional activity centered in the limbic 
system and humoral factors, such as the inflammatory 
cytokines tumor necrosis factor–alpha (TNF-α), interleu-
kin (IL)-1, and IL-6, trigger the response to surgical and 
traumatic stress.10 In addition, the loss of endocannabi-
noid signaling removes inhibition of the neuronal release 
of glutamate resulting in hypothalamic-pituitary activa-
tion.11 Hypothalamic activation increases the activity 
of the sympathetic nervous system, which increases the 
output of the cardiovascular system and stimulates the 
adrenal medulla to secrete epinephrine and the pancreas 
to secrete glucagon (Fig. 106-1). Hypothalamic activation  
also stimulates corticotropin-releasing hormone (CRH) 
and reduces the secretion of the various hypothalamic 
releasing factors (e.g., growth hormone–releasing 
hormone [GHRH]). The hypothalamus, the body’s ther-
mostat, also controls body temperature. Stimulation by 
mediators such as IL-1β (endogenous pyrogen) causes 
fever via a biphasic mechanism; the first phase is medi-
ated by increased intracellular ceramide and the second 
by cyclooxygenase-2 (COX-2)–mediated prostaglandin 
E2.12,13 CRH is also peripherally produced in the adrenal 
medulla, gastrointestinal tract, skin, nerve fibers, and 
immune cells. At inflammatory sites, CRH acts as a para-
crine or autocrine inflammatory mediator (Fig. 106-2) via 
peripheral CRH receptors.14,15

During stress, the releasing factors, along with other 
stimuli, stimulate the posterior pituitary gland (neuro-
hypophysis) to release arginine vasopressin (AVP), also 
known as antidiuretic hormone (ADH), and the anterior 
pituitary (adenohypophysis) to secrete prolactin (PRL) 
and growth hormone (GH) into the circulation.16 CRH, 
acting synergistically with AVP, stimulates the secretion 
of pro-opiomelanocortin by the anterior pituitary. In the 
stressed state, IL-6, working through IL-6 receptors pres-
ent on the pituitary corticotrophic cells, also acts syner-
gistically with CRH. Pro-opiomelanocortin is cleaved to 
adrenocorticotropic hormone (ACTH), β-endorphin, and 
α–melanocyte-stimulating hormone (α-MSH), thus link-
ing endogenous opioids with the hypothalamic-pituitary 
axis. ACTH, in turn, stimulates the zona fasciculata of the 
adrenal cortex to secrete glucocorticoids. A meta-analysis 
showed that the cortisol response increases with age and is 
greater in women than in men.17 Glucocorticoids, includ-
ing those administered exogenously, constitute a negative 
feedback system suppressing hypothalamic CRH and AVP 
secretion. In the unstressed state, the hypothalamic-pitu-
itary control mechanism regulates cortisol secretion in a 
circadian rhythm, with peak concentrations occurring in 
the early morning and the nadir around 11 pm. In the post-
operative stressed state, cortisol secretion increases two-
fold to threefold with disruption of the circadian rhythm, 
specifically, longer peak-to-nadir intervals.18 Interestingly, 
α-MSH concentrations are decreased after major trauma.19

Arginine Vasopressin (Antidiuretic 
Hormone)
AVP, vital for maintaining intravascular homeostasis, is 
secreted when osmolality is increased, arterial pressure is 
decreased, and blood volume is reduced.20 It causes vaso-
constriction (V1 receptors) via the phosphatidyl-innositol-
biphosphonate pathway and renal water retention (V2 
receptors) by stimulating water channel aquaporin-2.21 
Plasma AVP concentrations are elevated after various 
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Figure 106-1. Mechanisms that initiate 
the stress response are shown. Afferent neu-
ral input plus cytokines, such as IL-6 and 
IL-1, stimulate the hypothalamic-pituitary 
axis, which leads to the secretion of adreno-
corticotropic hormone (ACTH). This secre-
tion stimulates the adrenal cortex to release 
cortisol and activates the sympathetic ner-
vous system, which stimulates the pancre-
atic alpha cells to secrete glucagon and the 
adrenal medulla to secrete epinephrine. 
Cytokines and growth factors act locally in 
the area of the wound, and some also have 
endocrine effects. IFN-γ, Interferon gamma; 
IL, interleukin; TNF, tumor necrosis factor.
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stresses, including surgery, pneumonia, and myocardial 
infarction with or without left ventricular failure. Plasma 
AVP concentrations increase after surgery begins and often 
remain increased for days after its completion. The mag-
nitude and duration of the elevated plasma vasopressin 
concentrations are proportional to the degree of stress. In 
septic shock, an initial increase in AVP concentrations is 
followed by a decrease to extremely low concentrations.22 
Relatively low AVP concentrations are among the rea-
sons for persistent vasodilation in septic shock and also in 
hemodynamic instability after cardiac surgery23,24 (also see 
Chapter 67). Furthermore, some patients with septic shock 
for 3 or more days have impaired osmoregulation charac-
terized by the lack of AVP response to a saline load.25

Growth Hormone
GH secretion by the anterior pituitary is stimulated by 
hypothalamic GH-releasing factor and inhibited by 
hypothalamic somatostatin. GH, vital in the regulation of 
growth during the prenatal and childhood periods, has a 
biphasic effect during stress. Initial exposure (2 to 3 hours) 
produces insulin-like effects, but longer exposure causes 
anti-insulin and anabolic effects. The latter increases the 
incorporation of amino acids into structural proteins, 
glucose intolerance as a result of insulin resistance, and 
increased lipolysis as a result of increased sensitivity to 
the lipolytic effects of catecholamines. GH stimulates the 
secretion of insulin growth factors 1 and 2 (IGF-1 and IGF-
2) by the liver and other peripheral tissues. IGF-1 has insu-
lin-like actions and also mediates the anabolic and skeletal 
growth–promoting activity effects of GH. IGF-1 facilitates 
anabolism by directly reducing protein oxidation and 
enhancing insulin sensitivity to enable insulin and GH 
to stimulate protein synthesis. A 5-day infusion of IGF-1 
into normal subjects did not change the glucose oxidation 
rate but increased lipid oxidation, raised resting energy 
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Figure 106-2. Hormones, cytokines, and other bioactive substances use various mechanisms to affect end-organ function. Endocrine—Hormones 
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expenditure (REE), and reduced protein oxidation. The 
seven IGF-binding proteins modify the availability and 
actions of IGF-1. Most (∼90%) circulating IGF-1 is bound 
to insulin-like growth factor–binding protein 3 (IGFBP-3), 
whereas IGFBP-1 plays a major role in regulating unbound 
(free) IGF-1.

Immediately after major traumatic injury, burns, and 
surgery, GH blood concentrations are increased roughly 
proportional to the degree of trauma. However, after day 
1, the preoperative or preinjury GH concentrations start 
to decline. In patients who are severely traumatized, the 
pulsatile nature of GH secretion persists, but the bursts 
occur less frequently. IGF-1, IGF-2, and IGFBP-3 are 
reduced 40% to 60% after trauma and burns, as well as 
with acute respiratory distress syndrome (ARDS), whereas 
IGFBP-1 and IGFBP-4 are increased.26 In septic patients, 
both serum IGFBP-1 and IGFBP-3 concentrations were 
decreased with IGFBP-3 being the major determinant of 
IGF- concentrations.26a The decreased IGF-1 and IGFBP-
3, despite elevated GH, is possibly due to a resistance to 
the stimulatory effects of GH on the liver.27 The decreases 
in GH and IGF-1 concentrations are ascribed to an inhi-
bition by IL-1β. The consequence of these decreases is 
protein catabolism. Furthermore, reduced postoperative 
suppression of the GH and IGF-1 axis plus markedly ele-
vated cortisol concentrations were associated with post-
operative delirium.26b,26c

ENDOCRINE SYSTEM

The hypothalamic-pituitary axis is the main controller 
of the endocrine system, which, in turn, controls much 



of the body’s metabolic functions (see Fig. 106-1). Endo-
crine hormones are major mediators of the metabolic 
response to stress. The hormones glucagon, cortisol, and 
catecholamines oppose the effects of insulin on glucose 
and lipid metabolism and are thus called the counter-reg-
ulatory hormones.

Sympathoadrenergic System
The sympathoadrenergic system, made up of the sympa-
thetic nervous system and adrenal gland, produces and 
secretes the catecholamines, norepinephrine, epineph-
rine, and dopamine (see also Chapter 16). Serum con-
centrations of these hormones increase after stresses such 
as anxiety, hypotension, hypothermia, surgery, burns, 
hypercarbia, and accidental injury. In patients who are 
severely burned, norepinephrine concentrations increase 
2- to 10-fold in parallel with the burn size.28 The pat-
tern of catecholamine secretion is age dependent. Com-
pared with younger (median age of 34 years) victims with 
trauma, older (median age of 66 years) sufferers had higher 
circulating norepinephrine but attenuated epinephrine 
levels with increasing injury severity (also see Chapter 
81).29 Concurrent with sympathetic system activation, 
parasympathetic activity is acutely suppressed. This sup-
pression is important because the parasympathetic ner-
vous system reduces proinflammatory responses.30

Epinephrine is secreted into the bloodstream by the 
adrenal medulla in response to sympathetic nervous sys-
tem activation, whereas most norepinephrine is released 
from sympathetic nerve endings. Plasma epinephrine 
concentrations thus reflect adrenomedullary secretion, 
whereas plasma norepinephrine levels are an index of 
sympathetic nervous system activity. Plasma concentra-
tions of epinephrine and norepinephrine do not neces-
sarily increase simultaneously. Most norepinephrine 
released by sympathetic ganglia is removed from the syn-
apse by reuptake into the nerve ending. Therefore, only 
norepinephrine that spills over into the plasma is assayed 
(see Fig. 106-2). Plasma norepinephrine concentrations 
are thus the difference between the spill over and plasma 
clearance rates. Besides increased secretion of endoge-
nous catecholamines, many patients who are critically ill 
receive vasopressor and inotropic support with infusions 
of exogenous catecholamines, which have additive meta-
bolic and other effects. For example, dopamine infusions 
depress thyroid-stimulating hormone (TSH), PRL, and 
GH secretions, whereas norepinephrine infusions reduce 
insulin sensitivity.31

In addition to cardiovascular effects, catecholamines 
have major metabolic effects. β2-adrenergic stimulation 
increases glycogenolysis, hepatic gluconeogenesis, and 
glucagon release while blocking glycogen synthesis.32,33 
Lipolysis is increased by β2- and β3-adrenergic stimula-
tion but inhibited by α2-stimulation. Women are more 
sensitive to the lipolytic actions of catecholamines than 
men.34 Epinephrine infusion in normal subjects does not 
affect protein metabolism.35 The lesser role of the cate-
cholamines, as opposed to glucagon, in instigating and 
maintaining abnormal glucose metabolism in patients 
with burns, was demonstrated by the failure of proprano-
lol to reduce the rates of glucose production and glucose 
cycling.
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The sympathoadrenal system also affects the immune 
system. Lymphoid parenchyma (spleen, thymus, lymph 
nodes, bone marrow) have sympathetic neuronal inner-
vations that enable lymphocytes and macrophages 
(T-helper 1 [Th1] cells have surface β receptors) to be 
directly affected by sympathetic output. β2-receptor stim-
ulation of lymphoid cells downregulates the synthesis 
of proinflammatory cytokines, upregulates the synthe-
sis of antiinflammatory cytokines, and inhibits Th1 cell 
function (cellular immunity), thus favoring humoral 
immunity (Th2 cells).30,36 However, during sepsis, the 
immunosuppressive effects of catecholamines are atten-
uated, and epinephrine seems to either increase or not 
reduce TNF-α secretion.36 The sympathoadrenergic sys-
tem is thus a major mediator of the stress response and 
also part of its negative feedback arm.

Glucocorticoids
The plasma concentrations of cortisol, a major stress hor-
mone, are significantly increased after surgical and trau-
matic stress primarily as a result of enhanced secretion 
by the adrenal cortex. However, in some situations the 
increased concentrations are also due to reduced renal 
function and reduced hepatic clearance, secondary to 
decreased hepatic blood flow.37 In addition, enhanced 
cortisol production is minimally suppressed by exogenous 
glucocorticoid administration, as demonstrated by the 
inability of 24 mg/day of dexamethasone administered 
for 2 days after a craniotomy to suppress the elevated con-
centrations of either ACTH or cortisol. Increased plasma 
cortisol concentrations stimulate gluconeogenesis, sen-
sitize adipose tissue to the action of lipolytic hormones 
(GH and catecholamines), and increase proteolysis by 
blocking the antiproteolytic actions of insulin.38 Cortisol 
causes insulin resistance by decreasing the rate of insulin 
activation of the glucose uptake system (inhibiting the 
translocation of glucose transporter–4 to the cell mem-
brane) and increasing 11β-hydroxysteroid dehydrogenase 
activity.38a Additionally, cortisol has antiinflammatory 
and immunosuppressive actions. The antiinflammatory 
actions include negative feedback to ACTH and proin-
flammatory cytokine production, as well as stimulation 
of the secretion of IL-10, an antiinflammatory cytokine. 
These antiinflammatory and immunosuppressive actions 
prevent stress-activated defense mechanisms from over-
shooting and damaging the organism. Unlike elevated 
concentrations, basal concentrations of cortisol are antili-
polytic and probably facilitate normal immune responses.

Cortisol is a vital mediator of the stress response 
because it facilitates catecholamine action and secretion, 
thus helping maintain cardiovascular stability during sur-
gical stress. The importance of glucocorticoids is demon-
strated by the excessive mortality during stress observed 
in adrenalectomized animals and patients with Addison 
disease. Furthermore, increased mortality was observed 
when etomidate was used to sedate patients who were 
critically ill. Etomidate blocks adrenal steroidogenesis by 
inhibiting 11β-hydroxylation and 17α-hydroxylation. 
Similarly, patients receiving or having received exoge-
nous steroids within the 6 months before a stressful event 
should receive steroid replacement therapy to avoid the 
problems of adrenal insufficiency.
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The magnitude and duration of the increases in both 
intraoperative and postoperative ACTH and cortisol levels 
correlate well with the degree of surgical trauma. Cortisol 
concentrations may remain elevated for up to 2 weeks 
after femoral fractures and burns. The increased ACTH 
secretion during surgery is often far greater than that 
required to produce a maximal adrenocortical response, 
as demonstrated by the observation that administering 
exogenous ACTH during surgery did not increase plasma 
cortisol concentrations. In prolonged critical illness (7 to 
10 days), serum ACTH concentrations are low, despite 
elevated cortisol levels, indicating other mechanisms 
stimulate the adrenal cortex.39

Cortisol is 80% bound to cortisol-binding globulin 
(CBG), which has a high affinity but low capacity for 
binding cortisol, and 10% to serum albumin, which has 
a low affinity but a high capacity for this process. The 
remaining unbound cortisol, referred to as free cortisol, 
is biologically active.40 Direct measurement of the free 
cortisol concentration accounts for the binding effects 
of albumin, whose concentration is reduced after major 
surgeries and during sepsis.41 After major surgery, dur-
ing sepsis, and after burn injury, free cortisol concentra-
tions are elevated because of both increased total cortisol 
concentrations and reduced CBG. After major elective 
surgery, serum total cortisol increased by 55% and CBG 
decreased by 30%.42 In the stressed state, the free cortisol 
level provides a better measure of adrenal responses than 
total cortisol.43 Measurements of tissue cortisol levels were 
significantly elevated in burned and nonburned skin and 
did not correlate with plasma free or total cortisol mea-
surements but with the extent of the burns. Therefore, 
plasma levels do not necessarily reflect tissue activity.44 
The reduced CBG is likely caused by inhibition of CBG 
production by IL-6 and/or increased CBG degradation as 
a result of elevated neutrophil-released esterase.

The glucocorticoids work through multiple neuro-
circuits and signaling mechanisms to provide negative 
feedback to reduce the output of the activated hypotha-
lamic-pituitary axis. Feedback occurs via multiple mech-
anisms, including a fast feedback mechanism in which 
glucocorticoids activate membrane glucocorticoid recep-
tors to induce endocannabinoid synthesis in the hypo-
thalamic paraventricular nucleus (PVN) with retrograde 
cannabinoid type I receptor-mediated suppression of the 
excitatory drive to PVN neuroendocrine cells.39 Other 
mechanisms include corticosteroids shutting off hippo-
campal, amygdala, and pituitary outputs, causing nega-
tive feedback to the hypothalamic-pituitary axis.39

Glucagon and Insulin
Glucagon and insulin are both secreted by the pan-
creas, the former by alpha cells and the latter by beta 
cells. These hormones enter the portal vein, exposing 
the liver to high concentrations of both. The principal 
action of glucagon is to stimulate hepatic glycogenoly-
sis and gluconeogenesis (also see Chapter 39). Glucagon 
increases hepatocyte cyclic adenosine monophosphate 
(cAMP) and, via cAMP-activated protein kinase and 
adenosine monophosphate (AMP)–activated protein 
kinase, promotes glycogenolysis.45 When gluconeogenic 
substrate (lactate, alanine, glycerol) delivery to the liver 
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s increased, glucagon promotes gluconeogenesis with 
hosphorylation of cAMP-response element modulator 
CREM), which then binds to response elements in genes 
hat are upregulated to produce the enzymes of gluco-
eogenesis.45 Insulin has the opposite effect; it decreases 

ntracellular cAMP concentrations, preventing gluconeo-
enesis. Glucagon increases intracellular cAMP via a dif-
erent receptor—a secondary messenger mechanism than 
s used by adrenergic mediators.46 Glucagon also increases 
epatic glycogenolysis and ketogenesis during starvation 
nd diabetic ketoacidosis. Whether or not the physiologic 
evels of glucagon stimulate lipolysis is still debated.47 In 
he unstressed state, hypoglycemia, protein–amino acid 
ntake, endorphins, exercise, GH, epinephrine, and glu-
ocorticoids stimulate glucagon secretion. Somatostatin, 
nsulin, and glucose infusion or ingestion suppresses glu-
agon secretion.

Insulin is an anabolic hormone with many effects. In 
ddition to increasing glucose transport across the cell 
embranes of adipocytes and myocytes, it stimulates 

lycogen production, promotes glucose oxidation, inhib-
ts lipolysis in adipose tissue and skeletal muscle, inhib-
ts net fatty acid oxidation, inhibits hepatic and muscle 
etogenesis, and increases the rate of amino acid trans-
ort and protein synthesis in muscle, adipose tissue, and 

iver. Insulin operates via phosphatidylinositol 3-kinase 
nd activates Akt (protein kinase B), which, among other 
rocesses, results in increases in glucose transporter 
LUT-4. The plasma glucagon:insulin ratio is the major 
eterminant of the degree of gluconeogenesis. During 
asting and starvation, the ratio is increased, secondary 
o increased glucagon and decreased insulin concentra-
ions. This increased ratio facilitates glycogenolysis and 
romotes gluconeogenesis. In the fed state, the reverse is 
rue, with insulin predominating.

Serum glucagon concentrations increase after most 
ypes of major surgery. The glucagon:insulin ratio increases 
ecause insulin concentrations decrease during surgery. 
he decreased insulin concentrations are attributed to a 
uppression of insulin secretion by elevated catecholamine 
oncentrations or increased urinary losses. This suppres-
ion can be abrogated by α-adrenergic blockade. The 
ormonal milieu of low insulin with increased catechol-
mines, cortisol, and glucagon stimulates gluconeogenesis 
nd, along with insulin resistance, causes hyperglycemia. 
n patients with sepsis, this mechanism may fail, result-
ng in hypoglycemia, a situation associated with extremely 
oor survival rates.48 Postoperatively, insulin concentra-
ions escalate because of increases in both plasma glucose 
nd epinephrine-induced β-adrenergic stimulation. Unlike 
tarvation, the plasma insulin concentrations are often sig-
ificantly increased above basal values, although they are 

nappropriately low for the prevailing level of glycemia.

ounter-Regulatory Hormones
he hormones, glucagon, catecholamines, and cortisol, 
re called counter-regulatory hormones because they oppose 
he effects of insulin and synergistically act to increase 
epatic glucose production. These hormones upregulate 

he genes responsible for producing the enzymes of the 
luconeogenic pathway.49 Shamoon and associates50 
xplored the short-term effects in normal subjects of the 



combined infusion of hydrocortisone, glucagon, and epi-
nephrine designed to simulate the plasma levels found in a 
moderate injury. They observed increased glucose produc-
tion (gluconeogenesis) and decreased glucose clearance; 
the effect was more pronounced when all three hormones 
were administered together than when they were infused 
individually or in groups of two, suggesting that they act 
synergistically.50 Catecholamines and glucagon act syn-
ergistically; when either one is infused into normal sub-
jects, only transient elevations in gluconeogenesis occur; 
when they are simultaneously infused, gluconeogenesis 
is more prolonged. A possible reason for this synergism is 
that glucagon increases intracellular cAMP, especially in 
the liver, by a non–β-receptor mechanism, which could 
amplify the actions of epinephrine. Cortisol acts synergis-
tically with epinephrine and other β-adrenergic agonists 
(an action used in the treatment of asthma). Both gluca-
gon and cortisol enhance the transcription of the genes 
responsible for producing gluconeogenic enzymes, such 
as glucose-6-phosphatase. Proposed mechanisms include 
cortisol-induced inhibition of catechol-O-methyltransfer-
ase and blockade of catecholamine reuptake. Glucocorti-
coids also prevent β2-adrenergic receptor downreglation 
by increasing both β2-receptor expression and increasing 
β2-receptor gene transcription.51 Additionally, glucocorti-
coids reduce cytokine concentrations, which is important 
because both IL-1 and TNF can downregulate β receptors. 
In addition, prolonged postoperative adrenergic stimula-
tion downregulates and desensitizes β receptors, which 
is partially reversed by the glucocorticoids.52 Simultane-
ous infusion of the three hormones also caused negative 
nitrogen and potassium balances, glucose intolerance, 
hyperinsulinemia, insulin resistance, sodium retention, 
and peripheral leukocytosis. The nitrogen losses appear 
to be mainly attributable to cortisol because nitrogen bal-
ance during cortisol infusion was similar to that during 
the infusion of all three hormones. The nitrogen losses 
were also not of the magnitude observed after accidental 
injury. With hormone infusions, significant alterations 
in leucine flux and oxidation occurred, but only small 
increases in 3-methylhistidine excretion, indicating lit-
tle muscle breakdown. Therefore, other mediators must 
cause the proteolysis and massive nitrogen loss observed 
after major injury. In addition, the normal subjects were 
not febrile, failed to increase acute-phase proteins, and 
did not have decreased serum iron. When the pyro-
genic (stimulates IL-1 secretion) steroid etiocholanolone 
was injected into normal subjects, fever, leukocytosis, 
and hypoferremia without elevations in the counter-
regulatory hormones, hyperglycemia, or negative nitro-
gen balance resulted. Infusion of the counter-regulatory 
hormones plus etiocholanolone simulated more of the 
features of the response to injury than when they were 
individually administered. Therefore, both endocrine and 
inflammatory mediators are active during the response to 
injury and sepsis.

Reproductive Hormones
The response to surgical and traumatic injury results in 
hypogonadotropic hypogonadism. The pituitary gland is 
less responsive to hypothalamically secreted gonadotro-
pin-releasing hormone (Gn-RH), decreasing the release 
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of luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH). FSH and LH concentrations change little dur-
ing surgery but decrease on the first postoperative day. 
Elevated concentrations of CRH and cortisol may also con-
tribute to the suppressed reproductive function.53 In men, 
testosterone concentrations are significantly decreased as a 
result of decreased production and increased clearance. The 
decrease was in direct relationship to illness severity; total 
testosterone decreased more than free testosterone, paral-
leling a decrease in sex hormone–binding protein.54,55 In 
patients with burns, the decreased testosterone was due to 
lowered biologic activity of LH and a suppressed response 
to peaks in pulsatile LH secretion. In men, the adrenal 
androgens, dehydroepiandrosterone (DHEA) and its sulfate 
(DHEA-S), are suppressed after surgery. In premenopausal 
women, decreased estrogen concentrations during stress 
are associated with amenorrhea. However, in postmeno-
pausal women, DHEA and DHEA-S were increased after 
cholecystectomy. This finding is interesting because adre-
nal androgen concentrations are in decline after meno-
pause. Estradiol concentrations are elevated in critical 
illness. The magnitude of the increases directly correlates 
with mortality, regardless of gender.56 Increased peripheral 
aromatization from androgens and not from increased pro-
duction is the main cause of increased serum estradiol.55

Thyroid Hormones
During postoperative convalescence, after trauma, after 
extensive burns, and during sepsis (i.e., during nonthy-
roidal acute illnesses), alterations in thyroid homeostasis 
occur with low serum T3, low or normal T4, normal free 
T4, elevated reverse T3, and normal TSH. These altera-
tions are called either nonthyroidal illness syndrome or sick-
euthyroid syndrome. Inactivation of T3 and T4 is accelerated 
in skeletal muscle and liver attributable to greater type-3 
deiodinase activity and less conversion of T3 to T4 because 
of reduced type-1 deiodinase activity. However, the role 
of decreased type-1 deiodinase activity has been ques-
tioned because T3 often falls before the enzyme activity 
decreases.57 Although TSH concentrations are within the 
normal range, nocturnal surges are lower, similar to the 
pattern found in central hypothyroidism. Additionally, 
sialylation (by oligosaccharide) of TSH is decreased, pos-
sibly explaining the altered TSH bioactivity. The mecha-
nism of nonthyroidal acute illness development is still 
unclear, especially in prolonged critical illness during 
which T4 concentrations also decrease. Some investigators 
have pointed to the lack of TSH elevation in the presence 
of a low serum T3 concentration and questioned whether 
the problem is too little stimulation by thyroid-releasing 
hormone (TRH).58 A postmortem study of the paraven-
tricular nuclei of patients with antemortem sick-euthy-
roid syndrome reinforced this view. A positive correlation 
between low antemortem serum T3 and TSH concentra-
tions occurs with total postmortem TRH messenger ribo-
nucleic acid (mRNA) in the nuclei. However, infusion of 
TRH in the patient with a stressful illness increased TSH 
and peripheral thyroid concentrations.59

Elevated serum levels of IL-6 and possibly IL-1 are 
associated with the low serum T3 concentrations dur-
ing illness.60 Short-term (4-hour) and long-term (42-
day) recombinant IL-6 infusions decrease T3 but not T4 
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concentrations. It is unclear whether elevation of IL-6 is 
one of the causes of nonthyroidal acute illnesses or is sim-
ply an associated phenomenon. Normal subjects infused 
with endotoxin indicated that TNF does not play a role in 
endotoxin-induced thyroid hormonal changes. Dopamine 
infusion decreases basal TSH concentrations, inhibits the 
TSH response to TRH, decreases both serum T4 and T3 lev-
els, and may aggravate sick-euthyroid syndrome. Cessa-
tion of dopamine infusion results in increases in TSH, T4, 
and T3. In hospitalized patients older than 65 years of age, 
low T3 is a sensitive predictor of poor short-term survival, 
whereas low free T3 is a predictor of prolonged mechanical 
ventilation and mortality in patients in an ICU (also see 
Chapters 80, 101, and 102).61,62,62a There has been interest 
in treating nonthyroidal acute illnesses with thyroid hor-
mone and TRH. A systematic review of thyroid therapy in 
patients after surgery showed that intravenous T3 therapy 
increased cardiac output but did not affect mortality.63

In nonthyroidal acute illnesses, plasma free–T4 concen-
trations remain normal, despite reduced total T4 concen-
tration because of reduced thyroxine-binding globulin 
(TBG) concentrations. During stress, hepatic synthesis 
of TBG is reduced and clearance may also be acceler-
ated (protease cleavage). An intriguing aspect of thyroid 
metabolism in patients with stressful illnesses is that they 
are hypermetabolic, despite low T3 and T4 levels.

CYTOKINES

The response to injury and sepsis includes both neuroen-
docrine and inflammatory or immune responses. Cyto-
kines, the main mediators of the inflammatory response, 
are produced by cells of the immune system (e.g., lym-
phocytes, macrophages), and many have multiple func-
tions (Table 106-1). The pattern of cytokine release, that 
is, the type and intensity of the stress, is genetically 
and environmentally determined. These patterns con-
trol the severity of the inflammatory response and the 
degree of the immune response.64 Some cytokines (e.g., 
TNF-α, IL-1α/β, interferon [IFN]–γ, IL-6, IL-8, IL-17, IL-18) 
are proinflammatory (type I), whereas others (e.g., IL-4, 
IL-10, TGF-β, IL-13, IL-37) are antiinflammatory (type II). 
Some (e.g., IL-12) induce cellular immunity by directing 
uncommitted T-helper cells toward the Th1 phenotype, 
whereas others (e.g., IL-10) induce the Th2 phenotype 
and enhance humoral immunity. The inflammatory 
response is controlled by the balance between the proin-
flammatory and antiinflammatory cytokines. During and 
after colorectal surgery, IL-6, IL-8, and IL-10 were elevated 
above the preoperative baseline levels.65 Moreover, sur-
vival from sepsis was correlated with the recurrent secre-
tion of proinflammatory rather than antiinflammatory 
cytokines, indicating that the inflammatory response’s 
stimulation of the immune system is necessary to over-
come sepsis. Furthermore, after trauma the suppression 
of proinflammatory cytokines IFN-γ and IL-12 along with 
the elevation of antiinflammatory cytokine IL-10 was 
associated with immunosuppression and sepsis.64

The release of proinflammatory cytokines requires two 
steps.66 The initial step is the production of the cytokine 
pro-form as the result of signals from pathogen-associated 
molecular patterns (PAMPs). The activation and release of 
these cytokines, such as IL-1β and IL-18, involves inflam-
masomes, which are multimolecular complexes that rec-
ognize patterns associated with pathogenic bacteria and 
activate the inflammatory cascade.67,68 Inflammasomes 
form in macrophages and contain nucleotide-binding 
oligomerization domain (NOD)–like receptor proteins (e.g., 
NLRP3, NLRC4) and DNA-sensing complexes, that congre-
gate and activate proinflammatory caspase-1. NLRC4 acti-
vation also induces pyroptosis (a form of programmed cell 
death) of macrophages that robs macrophage-tropic bacte-
ria of their hiding place, exposing them to the extracellular 
world and the immune system’s full onslaught. The messy 
nature of pyroptosis is also an effective means of dissemi-
nating the inflammatory response and alerting the host to 
the presence of pathogens. Other inflammasomes, espe-
cially those found in neutrophils that contain NLRP3, are 
involved in the response to other pathogens. These release 
IL-1 beta and IL--18 but not IL-1 alpha and IL-33.68a

Cytokines closely interact with the endocrine system, as 
demonstrated by significant elevations in ACTH and corti-
sol after IL-6 administration to patients with cancer. Alter-
natively, endocrine hormones affect cytokine secretion; for 
example, cortisol suppresses the secretion of IL-1 and TNF-α.

Cytokines operate via local paracrine, autocrine, and jux-
tacrine mechanisms, as well as through endocrine effects 
(see Fig. 106-2). Therefore, plasma concentrations do not 
necessarily reflect cytokine activity. Cytokine actions are 
also modulated by a complex network of receptors, recep-
tor-antagonists, and cytoplasmic signaling molecules. For 
example, the effects of IL-1 are moderated by the simulta-
neous secretion of IL-1 receptor antagonist (IL-1ra), which 
blocks its actions. Furthermore, soluble cytokine receptors 
are generated by the proteolytic cleavage of membrane-
bound receptors or by de novo production. These circulating 
soluble receptors bind cytokines and may either neutralize 
cytokine actions or act as carrier proteins that protect the 
cytokine from proteolysis. Therefore, they may have either 
proinflammatory or antiinflammatory functions.

The local actions of cytokines are demonstrated by the 
acute wound healing process that occurs in overlapping 
phases: hemostasis, inflammation, proliferation, angio-
genesis, and resolution. The inflammatory phase involves 
infiltration of neutrophils, macrophages, and lympho-
cytes that secrete growth factors and cytokines. These 
mediators, acting locally, are active at all stages of wound 
healing through chemotactic, mitogenic, and other 
effects. During the first 24 hours, cytokines in the wound 
drainage in elective incisional hernia repair include high 
concentrations of both proinflammatory (IL-1α, IL-6, and 
IFN-γ) and antiinflammatory (IL-10, IL-1ra) cytokines. The 
concentrations decline over the next few days. It appears 
that the two types of cytokines balance each other, with 
the proinflammatory cytokines stimulating immune cells 
to prevent infection while the antiinflammatory cyto-
kines modulate their actions and promote healing.

Despite cytokine actions being primarily autocrine, para-
crine, and juxtacrine, significant research has explored their 
blood concentrations in stressful situations. In general, the 
blood concentrations are proportional to the degree of stress. 
After the moderate stress of total hip replacement surgery, 
IL-6 was significantly elevated above preoperative levels 
during the first 6 postoperative hours but began returning 
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TABLE 106-1 CYTOKINES

Cytokine Function

TNF-α (cachectin)
Proinflammatory

 •  Stimulates T and B cells and macrophages.
 •  Is a chemotactic agent for neutrophils.
 •  Stimulates neutrophil respiratory burst and proliferation.
 •  Stimulates the release of tissue factor from endothelium and monocytes.
 •  Stimulates monocytes to release other proinflammatory cytokines.
 •  Has antitumor activity.
 •  Mediates cancer and AIDS cachexia.
 •  Inhibits synthesis of lipoprotein lipase; suppresses lipogenesis in adipocytes.
 •  Stimulates synthesis of acute-phase proteins.
 •  Mediates part of the cell-mediated immunity against obligate and facultative bacteria and parasites.
 •  Is involved in the development of insulin resistance.
 •  Decreases erythropoietin production that leads to the anemia of inflammation.
 •  Promotes the proliferation of fibroblasts.

IL-1
Proinflammatory

 •  Stimulates myelopoiesis via the stimulation of G-CSF and GM-CSF.
 •  Is an endogenous pyrogen.
 •  Stimulates T (NK cells) and B lymphocytes and macrophages.
 •  Attenuates anticoagulatory mechanisms and promotes thrombotic processes; induces the production  

of tissue factor.
 •  Induces monocytes to release various mediators.
 •  Stimulates T-helper cells, which are induced to secrete IL-2 and to express IL-2 receptors.
 •  Promotes the adhesion of neutrophils, monocytes, T cells, and B cells by enhancing the expression of adhesion 

molecules such as ICAM-1 and ELAM.
 •  Mediates inflammatory reactions; enhances the metabolism of arachidonic acid (in particular, prostacyclin  

and PGE2).
IL-4
Antiinflammatory

 •  Inhibits macrophage activity.
 •  Proliferates and activates B cells.
 •  Enhances Th2 cell differentiation.
 •  Inhibits cell activation of NK cells induced by IL-2.

IL-6
Proinflammatory and 

antiinflammatory

 •  Stimulates the acute-phase protein response.
 •  Stimulates the hypothalamus to secrete CRF.
 •  Inhibits 5′-deiodinase in sick euthyroid syndrome, which converts T4 to T3.
 •  Stimulates B lymphocytes and is involved in their differentiation into plasma cells.
 •  Induces the differentiation of mature and immature T cells into cytotoxic T cells in the presence of IL-2.
 •  Stimulates the secretion of antibodies.

IL-8
Proinflammatory

 •  Is a neutrophil chemotactic agent.
 •  Synthesis is strongly stimulated by IL-1 and TNF-α.
 •  Activates neutrophils; releases enzymes from granules.
 •  Is chemotactic for all known types of migratory immune cells; enhances the expression of adhesion molecules.

IL-10
Antiinflammatory

 •  Is produced by and downregulates the function of Th1 and Th2 cells.
 •  Inhibits antigen-presenting cell activity.
 •  Suppresses macrophage activity.
 •  Inhibits the production of proinflammatory cytokines such as IFN-γ, IL-2, and TNF-α in Th1 subpopulations.
 •  Is stimulated by bacterial lipopolysaccharides in macrophages.
 •  Inhibits the synthesis of IL-1, IL-6, and TNF-α by promoting the degradation of cytokine mRNA.
 •  Prevents the activation of macrophages.

IL-13
Antiinflammatory

 •  Downregulates macrophage activity, reducing the production of proinflammatory cytokines (IL-1, IL-6, IL-8, IL-10, 
IL-12) and chemokines (MIP-1, MCP) in response to IFN-γ or bacterial lipopolysaccharides.

 •  Enhances the production of IL-1ra.
 •  Strongly inhibits tissue factor expression induced by bacterial lipopolysaccharides, and reduces the pyrogenic 

effects of IL-1 or TNF, thus protecting endothelial cells and monocytes against inflammatory mediator–induced 
procoagulant changes.

IFN-γ
Antiinflammatory

 •  Has antiviral and antiparasitic activities.
 •  Main biologic activity is as an immunomodulatory.
 •  Activating macrophages is a major function.
 •  Influences cell-mediated mechanisms of cytotoxicity.
 •  Is a modulator of T-cell growth and functional differentiation.
 •  Is the hallmark cytokine of Th1 cells.

AIDS, Acquired immunodeficiency syndrome; CRF, corticotropin-releasing factor; ELAM, endothelial leukocyte adhesion molecule; G-CSF, granulocyte 
colony-stimulating factor; GM-CSF, granulocyte-macrophage colony–stimulating factor, ICAM-1, intercellular adhesion molecule-1; IFN, interferon; IFN-
γ, interferon gamma; IL, interleukin; IL-1ra, interleukin-1 receptor antagonist; MCP, monocyte chemoattractant protein; MIP-1, macrophage inflamma-
tory protein-1; mRNA, messenger ribonucleic acid; NK, natural killer; PGE2, prostaglandin E2; Th1, T-helper 1 cells; Th2, T-helper 2 cells; TNF-α, tumor 
necrosis factor alpha.
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toward baseline by the first postoperative day. In contrast, 
IL-1β, IL-12, IL-10, and IL-8 levels were not elevated.69 Lapa-
roscopic radical prostatectomy resulted in lower IL-10, IL-6 
and IL-1 beta immediately after surgery and postoperative 
day 1 than open radical prostatectomy.69a

Many cytokines have multiple functions (see Table 106-
1). For example, IL-1 causes fever, induces hepatic acute-
phase protein synthesis, upregulates prostanoid synthesis, 
induces the maturation of B lymphocytes, and activates 
natural killer (NK) lymphocytes. IL-6 (also called B-cell–stim-
ulating factor and hepatocyte-stimulating factor) has endocrine 
and local functions. Many cells produce IL-6, including 
monocytes, fibroblasts, glial cells, and lymphocytes. Its 
production is stimulated by endocrine hormones such as 
catecholamines and suppressed by cortisol and estrogens. 
The soluble IL (sIL) receptors of the IL-6 family (e.g., sIL-6R, 
sIL-11R) are agonists capable of transmitting signals through 
interaction with the universal signal-transducing receptor 
for all IL-6 family cytokines, gp130 (see Fig. 106-2).

TNF-α, a multifunctional proinflammatory cytokine 
predominantly secreted by monocytes and macrophages, 
affects lipid metabolism, immunity, hematopoiesis, coag-
ulation, and endothelial function (see Table 106-1). TNF-
α has seeming contradictory properties. For example, it 
induces neutrophil proliferation during inflammation 
but it can also induce neutrophil apoptosis.70 Moreover, 
TNF-α intensifies the inflammatory response by pro-
longing the survival of inflammatory cells through the 
suppression of Fas-mediated apoptosis (Fig. 106-3). The 
multiple roles of TNF are demonstrated by the TNF block-
ers, etanercept, adalimumab, and infliximab, which are 
used to treat rheumatoid arthritis. However, these drugs 
Target cell

Apoptotic 
bodies

Fas receptor

T-lymphocyte

Fas-ligand –
transmembrane protein
of the TNF super family

• Cell unable to maintain hemostasis

• Affects contiguous cells

• No energy required

• Damage to cell membrane

• Influx of H2O and extracellular ions

• Cells swell and rupture

• Lysosomal enzymes released into
  extracellular fluid

• Random DNA digestion

• Mottled chromatin condensation
     
• Intense inflammatory response
     
• Phagocytosis by macrophages

• Programmed cell death

• Cell is active participant in its demise

• Affects individual cells

• Occurs during normal cell turnover

• Energy requiring 

• Cell membrane remains impermeable

• Caspase cascade activated

• Chromatin aggregated

• Partition of cytoplasm and nuclease
  into apoptotic bodies that contain
  ribosomes, mitochondria, and nuclear
  material

• Noninflammatory response

• Apoptotic bodies phagocytized by
  macrophages

• Corticosteroids stimulate apoptosis
  in immune cells

• Apoptosis is a key mechanism to
  eliminate activated lymphocytes
  during sepsis

• During sepsis, neutrophils have
  delayed apoptosis so that they
  persist longer in the bloodstream

• Multiple organ failure may be
  associated with increased apoptosis
  (Fas system plays a role)

Apoptosis  

Apoptosis and Inflammation  

Apoptosis

Necrosis

Figure 106-3. The differences between necrosis and apoptosis are shown. The importance of apoptosis during inflammation is also diagrammed. 
DNA, Deoxyribonucleic acid; H2O, water; TNF, tumor necrosis factor.



increase the risk for developing tuberculosis because TNF 
plays a crucial role in the body’s immune defense against 
the mycobacteria causing this disease.71

ADIPOKINES

Besides storing fat, adipose tissue is a metabolically active 
endocrine organ with metabolic effects differing, depending 
on the location of the adipose tissue.72 Adiponectine, one 
of the many adipokines, is vasculoprotective and antiath-
erogenic because it can stimulate vascular endothelial nitric 
oxide (NO) production, which leads to decreased platelet 
aggregation and vasodilation.72 The antiinflammatory 
actions of adiponectine are due to its suppression of TNF-α 
production and the sensitization of tissues to insulin. Leptin 
controls appetite, thus modulating food intake and body 
weight. Leptin concentrations are proportional to insulin 
levels and inversely proportional to glucocorticoid concen-
trations. Resistin stimulates the secretion of proinflamma-
tory cytokines and decreases the endothelial production of 
adhesion molecules. In addition, adipose tissue secretes pro-
inflammatory cytokines, such as TNFα, IL-1, IL-6, IL-8, and 
monocyte chemoattractant protein-1 (MCP-1).73

During critical illness, plasma adiponectine levels 
are decreased, leptin concentrations are either lower or 
unchanged, and resistin levels are increased.74,75,75a In such 
situations, serum resistin concentrations correlate with 
inflammatory mediators such as C-reactive protein (CRP), 
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IL-6, and TNF-α.76 In the lungs of patients with viral or bac-
terial pneumonia there is increased expression of leptin with 
evidence from animal studies that leptin has pulmonary 
pro-inflammatory properties.76a After major abdominal sur-
gery, serum adiponectine concentrations and its intraadipo-
cyte mRNA were decreased, intraadipocyte IL-6 mRNA was 
increased, and serum resistin levels increased.77,78 Resistin, 
IL-6, and MCP-1 mRNA expression increased during cardiac 
surgery in both subcutaneous and epicardial adipose tissue, 
whereas TNF-α expression also increased in subcutaneous 
adipose tissue.79 This upregulation of inflammatory media-
tors along with the downregulation of adiponectine indi-
cate that adipose tissue contributes to the altered metabolic 
milieu found during surgical, traumatic, and septic stress. 
Furthermore, the infusion of endotoxin into healthy sub-
jects indicated that adipose inflammatory and insulin-sig-
naling pathways might be involved in the systemic insulin 
resistance found in such conditions.80

ENDOTHELIAL CELLS

Vascular endothelial cells are metabolically active, play-
ing an active role in the stress response by synthesizing 
various important mediators such as NO and adhesion 
molecules.80a The adrenergic hyperactivity, hypoperfu-
sion, hypoxemia, and inflammation associated with 
trauma and sepsis trigger this enhanced endothelial cell 
activity (Fig. 106-4).
Smooth muscle cells
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Endothelin NO
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VE-cadherin

Coagulation
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Fibrinolysis
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Transport Functions
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Figure 106-4. Endothelial cells have many functions. Nitric oxide (NO), produced by endothelial cells, vasodilates blood vessels by relaxing 
adjacent myocytes, whereas endothelin causes vasoconstriction. The NO-endothelin system is the local controller of vascular tone. During sepsis, 
inflammatory cytokines, such as tumor necrosis factor (TNF), upregulate inducible NO synthetase (iNOS), increasing endothelial production of NO 
and resulting in vasodilation. During sepsis, endothelial disruption occurs because of the shedding of the glycocalyx, the thin layer of glucosamino-
glycans covering the endothelial surface, increased expression of adhesion molecules, resulting in white blood cell attachment and the disruption 
of both the vascular endothelial (VE)–cadherin and the basement membrane and in the exudation of fluid into the extracellular space. Moreover, 
the number of circulating endothelial cells is increased. Adhesion molecules and selectins recruit leukocytes to enter tissues. ACE, Angiotensin-
converting enzyme; FGF, fibroblast growth factor; ICAM, intercellular adhesion molecule; PAI-1, plasminogen activator inhibitor-1; TFPI, tissue 
factor pathway inhibitor; t-PA, tissue-plasminogen activator; u-PA, urinary type plasminogen activator; VCAM, vascular cellular adhesion molecule; 
VE-cadherin, vascular endothelial cadherin (calcium-dependent adhesion); VEGF, vascular endothelial growth factor; vWF, von Willebrand factor.
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IMMUNOLOGIC-COAGULATION 
CONNECTION

Surgery, burns, and trauma result in leukocytosis, throm-
bocytosis, and anemia. The granulocytosis that occurs 
with surgery and infection is mediated by the cytokine-
induced release of the hematopoietic growth factor, 
granulocyte colony-stimulating factor (G-CSF). G-CSF 
increases neutrophil, monocyte, and T-lymphocyte pro-
duction and is increased above preoperative levels for at 
least 1 week after major surgery.81 Thrombopoietin, which 
increases in concert with IL-6 and acute-phase reactants, 
induces thrombocytosis.82 Anemia of inflammation (also 
called anemia of chronic disease) occurs during acute 
and some chronic stressed states. Erythropoiesis is sup-
pressed because of an inability to incorporate iron into 
erythrocyte precursors, despite the presence of adequate 
bone marrow iron stores. This suppression is ascribed to 
inflammatory cytokines, such as IL-6, stimulating the 
secretion of hepcidin, a hepatocyte-produced regulator of 
iron hemostasis. The increased hepcidin concentrations 
reduce the activity of ferroportin, thus reducing the trans-
fer of iron out of macrophages, causing iron sequestration 
in macrophages.83,84 In addition, erythropoietin secretion 
is decreased and sensitivity to its actions is reduced. 84a

Significant bidirectional cross-talk occurs between 
the inflammatory and coagulation systems; for example, 
increased soluble CD40 ligand, a platelet-derived mediator 
of the TNF family, interacts with CD40 receptors on endo-
thelial and immune cells, leading to increased proinflam-
matory, procoagulant, and immunomodulatory functions. 
85,86 During the perioperative period, hypercoagulability 
occurs, secondary to upregulated procoagulant pathways, 
decreased physiologic anticoagulants and reduced fibrino-
lysis.87 The former is caused by a combination of decreased 
antithrombin, tissue factor pathway inhibitor (TFPI), and 
protein C coupled with increased tissue factor (TF), causing 
increased thrombin generation and fibrin deposition and 
resulting in microvascular thrombosis. Decreased fibrino-
lysis is due to reduced tissue plasminogen activator (t-PA) 
and increased plasminogen activator inhibitor-1 (PAI-1). 
Cytokines are the responsible mediators: TNF-α upregu-
lates PAI-1, monocytes express TF, and IL-6 stimulates TF. 
Furthermore, ex-vivo platelet reactivity increases, espe-
cially during sepsis. Acute-phase proteins contribute to 
the procoagulant state. Fibrinogen concentrations are ele-
vated, as are those of α1-antitrypsin and α2-macroglobulin, 
which inhibit protein C. Increased C4-binding protein 
lowers free protein S, whereas CRP increases the expres-
sion of TF by monocytes and neutrophils. Circulating TF-
expressing microparticles from activated or apoptotic cells 
also increase in sepsis and trauma.88 The hypercoagulable 
state is also induced by other factors, including local tissue 
damage (PAI is secreted by endothelial cells) and materials 
such as methyl methacrylate monomers and bone marrow 
debris. Elevated thrombopoietin concentrations enhance 
platelet aggregation and contribute to the formation 
of monocyte-platelet aggregates.89 In patients who are 
severely injured, the predominate hypercoagulable state is 
counterbalanced by the release of factors promoting hypo-
coagulability such as t-PA, soluble thrombomodulin, and 
glycocalyx shedding (release of heparin-like substances).90 
During postoperative convalescence (days 3 to7), hyperco-
agulability gradually abates. Hypercoagulability is not trig-
gered by the counter-regulatory hormones. Rather, when 
a cocktail of these hormones plus angiotensin II and vaso-
pressin was infused into normal volunteers, fibrinolytic 
and anticoagulant activity increased; fibrinogen, t-PA, and 
protein C concentrations increased, as did platelet activity. 
These results are reinforced by the anticoagulant effects of 
an epinephrine infusion begun before an endotoxin infu-
sion in normal subjects.

Regional anesthesia, especially after lower body sur-
gery, causes less hypercoagulability than general anes-
thesia and is associated with less deep vein thrombosis 
(also see Chapter 56). Laparoscopic cholecystectomy 
appears to cause less hypercoagulability than open 
cholecystectomy.91

The procoagulant state, in turn, accelerates the inflam-
matory response. Thrombin, acting through protease-
activated receptors, upregulates cytokines (e.g., IL-6, 
IL-8, MCP-1) and increases adhesion molecule expres-
sion. The TF/factor VII complex increases inflammatory 
responses of macrophages and neutrophils, as evidenced 
by increased plasma concentrations of IL-6 and IL-8 on 
infusion of recombinant factor VII into normal subjects.92 
Inflammation plus microvascular thrombosis is thought 
to be a cause of multiple organ system dysfunction.

FASTING AND MALNUTRITION

Fasting results in adaptive responses that permit the body 
to continue functioning, despite a lack of nutrient intake. 
During the 24 to 48 hours after cessation of nutrient 
intake, glycogen stores are broken down (glycogenolysis) 
to provide glucose to the tissues. This glucose is vital for 
the brain, red blood cells, skin, and renal medulla, which 
have obligatory glucose requirements. Glycogenolysis is 
mediated by an increased glucagon:insulin ratio (increased 
glucagon and decreased insulin), which also promotes 
endogenous glucose production (gluconeogenesis). In 
addition to the increases in glucagon and decreases 
in insulin, hypoglycemia is avoided by small increases 
in catecholamine and cortisol secretion. The increase in 
catecholamine-induced β-adrenergic stimulation acceler-
ates lipolysis so that triglycerides (TGs) stored in adipose 
tissue are broken down to free fatty acids (FFAs) and glyc-
erol. As glycogenolysis declines, some of the FFAs undergo 
hepatic conversion to ketones (β-hydroxybutyrate and 
acetoacetate), which are then used as energy sources.93,94 
As glycogen is depleted, glucose is increasingly provided 
by gluconeogenesis, delivering more than 90% of the glu-
cose after 42 hours of fasting.94 Glycerol released during 
lipolysis and lactate produced by glycolysis are among 
the substrates for gluconeogenesis.

As starvation continues, skeletal and smooth muscles 
undergo proteolysis to amino acids. The amino acids, 
alanine and glutamine, are transported primarily to the 
liver, but some are also transported to the kidneys to be 
used as substrates for gluconeogenesis. This muscle break-
down results in a negative nitrogen balance (catabolism). 
As starvation progresses, the body adapts by reducing the 
rate of gluconeogenesis and muscle breakdown, which, 
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along with decreases in free T3 and catecholamines, 
reduces REE. Decreases in serum leptin are associated 
with the decrease in T3. The reduced muscle protein 
breakdown results in lower nitrogen losses so that nitro-
gen balance becomes less negative. The decrease in gluco-
neogenesis is possible because the brain adapts to using 
ketones for some of its energy needs.95 Simultaneously, 
adenosine triphosphate (ATP) is produced from the oxi-
dation of fatty acids released by lipolysis.

Prolonged starvation leads to weight loss, secondary to 
major losses of fat and lean (muscle) body mass. Signifi-
cant weakness and fatigue develop as the result of prote-
olysis and reduced muscle protein synthesis. Sodium and 
water retention also occurs. Prolonged starvation reduces 
immune function and results in increased adherence of 
gram-negative bacteria to nasopharyngeal and pulmo-
nary endothelial cells. This bacterial adherence, along 
with weakness of the respiratory muscles and immune 
system, makes these patients susceptible to pneumonia, 
the leading cause of death in patients who are starved or 
severely malnourished (also see Chapters 101 and 102).

EATING

Eating sets into motion a series of steps that digest, 
absorb, and metabolize the ingested food. Gut hormones 
initiate a sequence of systematic events by signaling the 
body to secrete hormones such as insulin. Ingested carbo-
hydrates are converted to glucose and stimulate insulin 
secretion, and the glucose not immediately needed for 
energy is stored as glycogen or converted to fat (lipogen-
esis). Ingested proteins are digested and broken down 
into amino acids, used to synthesize proteins, and serve 
as precursors for neurotransmitters and other substances. 
Fats are stored and used for energy or as precursors for 
prostaglandins and other substances. Food ingestion 
increases metabolic rate—diet-induced thermogenesis 
or thermogenic effects of food—and contributes 10% to 
Sugar and
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5% of total daily energy expenditure. Protein ingestion 
ncreases metabolic rate more than isoenergetic amounts 
f carbohydrates or fat.96 The postprandial rise in energy 
xpenditure lasts for 3 to 4 hours.

ETABOLIC RESPONSES TO SURGICAL 
ND TRAUMATIC INJURY

he metabolic responses to surgical and traumatic stress 
iffer greatly from the response to starvation. Unlike the 
daptive responses aimed at preserving body mass that 
ccur during starvation, the response to stress has been 
alled auto-cannibalism.97 This categorization is occa-
ioned by the loss of fat and lean body mass caused by an 
bligate catabolic state with proteolysis, gluconeogenesis, 
ipolysis, hypermetabolism, and insulin resistance. Auto-
annibalism is not reduced to any great extent by exog-
nous nutrients (also see Chapter 81).

The intensity and duration of the metabolic response 
o surgery and trauma depend on the magnitude of injury, 
otal surgical time, amount of intraoperative blood loss, 
nd degree of postoperative pain. The smaller injury of 
aparoscopic surgery, compared with open surgery, results 
n lower concentrations of IL-1, IL-6, and the acute-phase 
RP. The greatest metabolic responses are observed after 
 severe burn injury (>40% body surface area) with meta-
olic rates twice normal and catabolism that lasts for 
any months, leading to immunodepression, recurrent 

nfections, and poor wound healing.21

ARBOHYDRATE METABOLISM

urgical and accidental injury increase the secretion of 
he counter-regulatory (to insulin) hormones cortisol, 
atecholamines, and glucagon, resulting in elevated 
ndogenous glucose production, secondary to accelerated 
epatic gluconeogenesis (Fig. 106-5). This increased glu-
ose production, coupled with peripheral tissue resistance 
Figure 106-5. The metabolic milieu during stress. The 
rate of endogenous glucose production (gluconeogen-
esis) is greatly increased. Glycerol (from lipolysis), ala-
nine (from proteolysis), and lactate (from the wound) 
are the substrates. Because of insulin resistance, less glu-
cose is used to produce energy adenosine triphosphate 
(ATP); thus β-oxidation of fatty acids becomes the major 
energy-producing pathway. Exogenous glucose intake 
does not decrease the rate of gluconeogenesis. The 
production of ketones is not greatly increased because 
of normal-to-elevated concentrations of insulin. Acetyl-
CoA, Acetyl–coenzyme A; CO2, carbon dioxide; H2O, 
water.
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to insulin, results in reduced glucose utilization and 
hyperglycemia. Serum insulin concentrations are normal 
or elevated but are insufficient to prevent hyperglyce-
mia but do prevent ketosis. Hyperglycemia is thought to 
ensure a ready supply of glucose to predominantly glu-
cose-consuming cells, such as the wound inflammatory 
cells and immune cells.

Insulin resistance is defined as impaired glucose disposal 
in the presence of either normal or elevated serum insu-
lin concentrations.98 Insulin resistance occurs in periph-
eral tissues, reduces insulin sensitivity by 50% to 70%, 
compared with healthy controls, is likely due to a postre-
ceptor defect that hinders cellular glucose uptake, and is 
related to the magnitude of surgery, the extent of burn, or 
the severity of sepsis.98 Impaired activity of the intracellu-
lar glucose transport system or nonoxidative glucose dis-
posal (i.e., reduced muscle glycogen synthetase activity) is 
the possible cause of this postreceptor defect.99 Increased 
protein degradation, mitochondrial dysfunction, and 
accumulation in the endoplasmic-sarcoplasmic reticulum 
of unfolded protein, leading to a proapoptotic state, are 
associated with insulin resistance.100,101 Insulin resistance 
can persist for up to 3 weeks after elective open cholecys-
tectomy and up to 3 years after major burns.100,102,103 In 
patients in the medical ICU, the severity of insulin resis-
tance is associated with the severity of illness, body mass 
index (BMI), and degree of hypermetabolism.98

In patients with stressful illnesses, the overall amount 
of glucose oxidized (especially considering the overall 
hypermetabolism) may be decreased, despite a glucose 
oxidization pathway that is intact, because insulin resis-
tance limits the rate of glucose uptake into the cell. The 
incremental response to increases in insulin concentra-
tion is maintained, but the ability to reduce blood glucose 
concentration per insulin concentration is significantly 
diminished. Despite the insulin resistance, the overall 
peripheral uptake of glucose is often normal or mildly 
elevated owing to increased non–insulin-mediated glu-
cose uptake and the large amounts of glucose (as a result 
of hyperglycemia) being presented to the resistant insulin 
pathway. However, relative to the blood glucose concen-
tration and hypermetabolism, the uptake is small.

Glucose can be oxidized to produce ATP, water, and 
carbon dioxide (CO2); converted to glycogen for storage 
in the liver and muscles; or converted to fat. The lat-
ter process is called lipogenesis and occurs in both liver 
and adipose tissue, although the latter appears to be the 
main site for lipogenesis. Under normal circumstances, 
carbohydrate intake inhibits fat oxidation, increases glu-
cose oxidation, and promotes fat storage. Lipogenesis is 
quantitatively unimportant in humans because the rate 
of lipogenesis does not exceed the rate of lipid oxida-
tion. Yet, when carbohydrate intake exceeds total energy 
expenditure (TEE), lipogenesis becomes a more important 
pathway, and respiratory quotients (RQs) may exceed 
1.0, indicating net lipogenesis (Box 106-1). Patients who 
are critically ill and administered intravenous glucose 
at 4 mg/kg/min as part of glucose-based total parenteral 
nutrition (TPN) exhibited some increased hepatic de novo 
lipogenesis, despite achieving an RQ of only 0.90.104 This 
lipogenesis occurred even though lipogenetic capability 
is thought to be reduced in surgical or septic stress. The 
reduced lipogenesis is possibly secondary to TNF, which, 
among other things, can induce apoptosis of preadipo-
cytes and adipocytes. IL1-β may also inhibit lipogenesis 
in human adipocytes.

LIPID METABOLISM

Stressful situations (e.g., injury, sepsis) alter lipid metabo-
lism. The major change is accelerated lipolysis attributed 
to increased β2-adrenergic stimulation.105 Stimulation of 
the β2-receptors increases cAMP concentrations, which 
stimulates the activity of hormone-sensitive lipase 
through protein kinase A, and also likely adipose TG 
lipase (Fig. 106-6).106 Endotoxin appears to stimulate 
lipolysis also via inflammatory IKKB/NF-kappaB (IκB 
kinase–nuclear factor kappa–light-chain-enhancer of 
activated B cells) pathway.107 The lipolytic response to 
β2 stimulation is greater in lean, rather than obese, indi-
viduals. β3-adrenergic receptors also play a role in human 
lipolysis. Elevated concentrations of glucagon, TNF-α, 
IL-1, INF-α, and INF-γ likely have roles in stimulating 
lipolysis.108 IL-6 stimulates lipolysis in skeletal muscle but 
not adipocytes.109 Insulin resistance contributes to lipol-
ysis because the antilipolytic effect of insulin is attenu-
ated.98 Regional variations in lipolytic rates exist. Visceral 
fat cells have the highest rate as a result of increased β2- 
and β3-receptor activity and reduced α2-receptor activity. 
Subcutaneous fat has less lipolytic activity as a result of 
greater insulin receptors and α2-receptor activity. These 
regional differences originate from differences in adipose 
stem cells.110 The RQ in injured patients is consistently 
lower than in normal subjects for a given level of intake, 

SyStemic inflammatory reSponSe Syndrome (SirS)

Two or more of the following criteria are required:

 1.  Body temperature: >38° C or <36° C
 2.  Heart rate: >90 beats/minute
 3.  Respiratory rate: >20 breaths/minute or partial arterial pres-

sure of carbon dioxide (Paco2): <32 mm Hg
 4.  White blood cell (WBC) count: >12,000 mm3 or <4000 mm3 

or >10% immature forms

SepSiS

SIRS plus a documented infection site (documented by positive 
culture for organisms from that site). Blood cultures do NOT 
need to be positive. Although SIRS, sepsis, and septic shock are 
commonly associated with bacterial infection, bacteremia may 
not be present.

Severe SepSiS

Sepsis plus associated organ dysfunction, hypoperfusion abnor-
malities, OR hypotension.

Hypoperfusion abnormalities include but are not limited to:

 1.  Lactic acidosis
 2.  Oliguria
 3.  Acute alteration in mental status

Septic Shock

Sepsis-induced hypotension, despite fluid resuscitation PLUS 
hypoperfusion abnormalities.

BOX 106-1 Criteria for the Systemic 
Inflammatory Response Syndrome and Sepsis



indicating greater fat oxidation (Table 106-2). Infusion 
of glucose in amounts that lead to net fat synthesis in 
normal subjects fails to suppress fat oxidation in patients 
who are injured and with sepsis, leading to negative fat 
balance. Plasma FFA concentrations are high because the 
lipolytic rate exceeds the rate of fat oxidation.

Rapid glycerol and FFA turnover rates reflect the accel-
erated lipolysis observed during stress. The increased 
lipolysis increases the systemic supply of circulating 
FFAs. However, the turnover rates are greater than those 
expected from the increases in the plasma concentrations 
of these substrates, which indicates that both increased 
re-esterification of FFAs to TGs and increased lipolysis of 
TGs to FFAs have occurred. This increased activity of the 
TG-FFA/glycerol substrate cycle is thought to be one of 
the causes of the hypermetabolism observed during stress 

Insulin
receptor

Hormone-
sensitive lipase

(inactive)

b2/b3 receptor

b-oxidation

Hormone-
sensitive lipase

(active)

LipolysisAdipocyte
Triglyceride Fatty acids     Glycerol

ketone bodies Bloodstream

Hepatocyte

triglycerides acyl-CoA

gluconeogenesis

citric acid cycle

ketogenesis

acetyl-CoACO2

hydroxybutyrate

acetoacetate

re-esterification

Figure 106-6. Lipid metabolism during the stressed state. Catechol-
amines stimulate β2 and β3 receptors, activating hormone-sensitive 
lipase, leading to lipolysis. Free fatty acids are transported to the liver 
where they undergo β-oxidation and are the main source of energy 
during stress (palmitoyl-CoA yields a net of 130 adenosine triphos-
phate [ATP]). Glycerol released by lipolysis is a substrate for gluconeo-
genesis and is converted to glucose. Because insulin concentrations 
are elevated, ketone production is not increased. Both lipolysis and 
re-esterification are increased, leading to a futile cycle. CoA, Coenzyme 
A; CO2, carbon dioxide.
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(Fig. 106-7). β-Adrenergic receptor blockade with propran-
olol decreases lipid oxidation and the resting metabolic 
rates of patients with burns. Glucose infusions further 
increase lipolysis during abdominal surgery because they 
increase sympathetic nervous system activity.

In the stressed state, the relative contribution of fat 
oxidation to REE is increased, whereas the contribution 
of glucose oxidation is decreased. FFAs released by lipoly-
sis undergo β-oxidation, which is the predominant ATP-
producing pathway in patients who are stressed (see Figs. 
106-5 and 106-6). This situation is reflected in observa-
tions made after esophagectomy when a gradual decrease 
in the contribution of fat oxidation to energy production 
and an increase in the contribution of glucose oxidation 
occur as patients convalesce.

PROTEIN METABOLISM

Among the hallmarks of the metabolic response to injury 
and sepsis is catabolism (negative nitrogen balance). 
Accelerated proteolysis of skeletal muscle, which provides 
some of the substrate for increased hepatic gluconeogen-
esis (see Fig. 106-5), causes catabolism. Reducing the rate 
of hepatic gluconeogenesis with somatostatin does not 
decrease the rate of peripheral protein breakdown, dem-
onstrating that the accelerated rate of hepatic glucose pro-
duction is not linked to the increased level of peripheral 
protein breakdown. The degree of nitrogen loss is pro-
portional to the degree of stress and abates as the patient 
convalesces. After severe burns, protein breakdown and 
subsequent amino acid efflux from muscle is increased 
almost twofold. The endocrine stress hormones, specifi-
cally cortisol, only partially modulate the enhanced pro-
tein breakdown. Instead, other mediators such as TNF-α, 
IL-1, IL-6, and IFN-γ mediate catabolic activity.111 The 
balance between these catabolic mediators and anabolic 
hormones (e.g., insulin and IGFs) determine the magni-
tude of catabolism. Among the pathways responsible for 
skeletal muscle proteolysis are lysosomal cathepsin and 
the ubiquitin–proteasome proteolytic pathways.111,112 
The liver also contributes to catabolism through increased 
clearance of α-amino nitrogen (urea). After surgery, the 
rate of this conversion is doubled. Blockade of glucagon 
and cortisol secretions with a combination of etomidate, 
somatostatin, and thoracic epidural anesthesia decrease 
this clearance, thus indicating roles for glucagon and pos-
sibly cortisol and afferent neural reflexes in this process.

Conflicting data regarding the mechanism of the net 
loss of skeletal muscle protein has been reported. Con-
stantin and associates112 report increased protein break-
down plus reduced muscle protein synthesis (e.g., 31% 
decrease 24 hours after open cholecystectomy) whether 
saline or TPN is infused.112 The deranged protein metabo-
lism is profound because administering TPN after open 
cholecystectomy did not prevent the decline in muscle 
protein synthesis observed 24 hours after surgery. Liver 
biopsies taken during surgery demonstrated depressed 
hepatic protein synthesis after 20 minutes of surgery that 
further decreased as the surgery progressed. Tissues with 
rapidly replicating cells, such as enterocytes, immune 
cells, and keratinocytes, also exhibit reduced protein syn-
thesis. Other investigators report that the net negative 
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TABLE 106-2 ENERGY EXPENDITURE AND CALORIC REQUIREMENTS

Energy Expenditure (Definitions)
Basal energy expenditure (BEE); also called basal metabolic rate (BMR): Is the energy expended on awakening from a 12-hour fast; it is 
measured in a thermoneutral environment (25° C).
Thermogenic effect of food; also called specific dynamic action: Is the energy expended after the ingestion of food. Energy expenditure may 
increase 5% to 10% after a meal.
Resting energy expenditure (REE): Is the energy expended while resting in the supine position with eyes open. It includes the thermogenic 
effect of food if performed within a few hours of a meal or during continuous infusions of nutrients such as during continuous total 
parenteral nutrition (TPN) administration. REE is approximately 10% greater than BEE.
Sleeping energy expenditure (SEE): Is the energy expended during sleep and is usually 10% to 15% lower than REE.
Activity energy expenditure (AEE): Is the energy expended during physical activity. During maximum exercise, AEE can be 6- to 10-fold 
greater than the BEE.
Environmental temperature: Energy expenditure increases to warm patients who are in a cold environment. Warming occurs through 
shivering and increased metabolism of brown fat (neonates).
Fever: Fever increases the metabolic rate 10% per degree Celsius (C) (or 7% per degree Fahrenheit (F).
Total energy expenditure (TEE): Is the total energy expended over 24 hours; that is, TEE is the sum of the energy expended during periods of 
sleep, resting, and activity.

Estimating Resting Energy Expenditure
 1.  Harris-Benedict equation

Males: eBEE (kcal/d) = 66 + (13.7 × W) + (5 × H) − (6.8 × A)
Females: eBEE (kcal/d) = 655 + (9.6 × W) + (1.7 × H) − (4.7 × A)
eREE = eBEE × stress factor
eTEE = eREE × activity factor
eBEE, Estimated basal energy expenditure; eREE, estimated resting energy expenditure; eTEE, estimated total energy expenditure; W, 
weight (kg); H, height (cm); A, age (years).

 2.  Stress factors
Nonsedated patients who are spontaneously breathing:

Major surgery: 15%-25%
Infection: 20%
Long-bone fracture: 20%-35%
Malnutrition: Subtract 10%-15%
Burns: Up to 120%, depending on the extent
Sepsis: 30%-55%
Major trauma: 20%-35%
Chronic obstructive pulmonary disease (COPD): 10%-15%
Sedated patients who are mechanically ventilated (full ventilatory support): Subtract 10%-15%

 3.  Activity factors
Sedated patients who are mechanically ventilated: 0%-5%
Patients who are mechanically ventilated (assisted ventilation): 5%-10%
Bedridden, nonsedated patients who are spontaneously breathing: 10%-15%
Patients who are sitting in a chair: 15%-20%
Ambulating patients: 20%-25%

Measuring Energy Expenditure
Indirect calorimetry involves measuring oxygen consumption (VO2) and carbon dioxide production (Vco2). The gas exchange method is 
used to measure VO2 and Vco2, whereas the Fick method can be used to measure only VO2.
Weir equation: Energy expenditure (EE) (kcal/d) = 1.44 (3.9 × VO2) + (1.1 × Vco2)
To provide the REE: Measurements made at rest
To determine the TEE: REE × activity factor
To provide the TEE: Continuous measurement over 24 hours

Measuring Nitrogen Balance
N balance = [N intake] − [N output]; Negative balance = catabolism; Positive balance = anabolism
Where [N intake] = all protein/amino acid intake over 24 hours, whether enteral or parenteral
[N output] = [UUN + 4 + EL]
UUN, Urine urea nitrogen over 24 hours; 4 g average fecal and cutaneous losses; EL, excessive losses, such as protein-rich drainages  
(e.g., pus).
6.25 g protein/amino acids = 1 g nitrogen

Daily Caloric Requirements
Patients Using Measured or eREE Using Body Weight

Sedated and mechanically ventilated 1.0 − 1.2 × REE 20-24 kcal/kg
Unsedated and mechanically ventilated 1.2 × REE 22-24 kcal/kg
Spontaneously breathing 1.2 − 1.3 × REE 24-26 kcal/kg
Spontaneously breathing (maintenance) 1.3 × REE 24-26 kcal/kg
Spontaneously breathing (repletion) 1.5 − 1.7 × REE 25-30 kcal/kg
To gain one pound of body weight, an excess above the TEE of approximately 3500 kcal is needed.
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TABLE 106-2 ENERGY EXPENDITURE AND CALORIC REQUIREMENTS—cont’d

Respiratory Quotients Energy (kcal/g) Respiratory Quotient (RQ)*

Carbohydrate 4.0 1.00
Dextrose (glucose monohydrate) 3.4 1.00
Fat 9.0 0.70
Protein 4.0 0.80
Ethanol 7.0 0.67
Lipogenesis 8.00

RQ, Ratio of resting CO2 production to resting O2 consumption.
* Whole body RQ is influenced by the relative amounts of carbohydrate, fat and protein oxidation, and lipogenesis. For example, a patient who has 

received a 5% dextrose infusion of 100 mL/hr (440 kcal/day) for 4 days has a whole body RQ of 0.77-0.80, reflecting the predominance of fat and 
protein oxidation as the energy source. Whole body RQ above 1.0 indicates net lipogenesis. Human RQs above 1.2-1.3 are not generally seen, even 
with extremely high carbohydrate intakes.
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trogen balance is due to accelerated protein breakdown 
 excess of increased protein synthesis.113,114

The detrimental effects of prolonged bed rest further 
ntribute to the derangements in protein metabo-
m caused by the stress hormones and cytokines after 

FUTILE CYCLES

FAT METABOLISM

Glucose metabolism

Glycolysis Gluconeogenesis

“Wastes” 4 ~P bonds/cycle

Glucose  2 NAD  2 ADP  2 Pi → 2 Pyruvate 
2 NADH  2 ATP 

2 Pyruvate  2 NADH  4 ATP  2 GTP → Glucose  2 NAD  
4 ADP  2 GDP  6 Pi  

Glycolysis

Gluconeogenesis

Glycolysis yields 2 ~P bonds of ATP

Gluconeogenesis expends 6 ~P bonds of ATP and GTP

Lipolysis Re-esterification

“Wastes” 8 mol ATP/cycle

Lipolysis

Triglycerides Free fatty acids  Glycerol

Re-esterification

gure 106-7. Two futile cycles contribute to the hypermetabolism 
 the stress response. A futile cycle is a set of opposing reactions cata-
ed by different enzymes acting simultaneously, with at least one 

 the reactions driven by adenosine triphosphate (ATP) hydrolysis, 
abling heat to be produced. In the lipid metabolism cycle, net lipol-
is occurs, whereas in the glucose metabolism cycle, net gluconeo-
nesis is present. ∼P, High-energy phosphate bond, generally from 
P. ADP, adenosine diphosphate; GDP, guanosine diphosphate; GTP, 
anosine-5’-triphosphate; NAD+, nicotinamide adenine dinucleotide; 
DH, nicotinamide adenine dinucleotide hydrogen; Pi, phosphoglu-

se isomerase.
injury and surgery. In normal volunteers, 28 days of 
bed rest resulted in a 0.4-kg loss of leg muscle mass 
and a reduction of 23% in leg extension strength.115 
When hydrocortisone was administered to such bed-
rested volunteers in doses intended to reproduce cor-
tisol concentrations encountered during illness or 
trauma, a threefold greater loss of lean leg mass (1.4 
kg) was reported, which represents a 6% loss of muscle 
mass from the legs and a 4-kg loss of whole-body lean 
mass. In addition, a 28% reduction in leg extension 
strength occurred. The muscle protein synthesis rate 
was decreased, whereas muscle protein breakdown was 
unchanged from rates before bed rest.116 In contrast, 
patients with blunt trauma had a greater mean loss 
of whole-body lean mass because they suffered from 
proteolysis in addition to reduced protein synthesis. 
Extended periods of immobilization in bed contribute 
to the loss of muscle mass and the weakness suffered by 
patients with stressful illnesses. Early mobilization and 
exercise are thus important aspects of care.

During stress, hepatic synthesis of the acute-phase 
proteins such as fibrinogen, haptoglobin, comple-
ment, immunoglobulins, serum amyloid A, and CRP is 
increased.117 The secretion of the acute-phase proteins 
is stimulated by elevated concentrations of endogenous 
corticosteroids (which by themselves do not initiate the 
response) in concert with IL-1β, TNF-α, and IFN-γ. These 
cytokines induce the secretion of IL-6 by the hepatic 
Kupffer cells, which acts synergistically with corticoste-
roids to initiate and stimulate acute-phase protein pro-
duction via the transcription factor signal transducer and 
activator of transcription 3 (STAT3).117 Simultaneously, 
IL-6 and the corticosteroids initiate a negative feedback 
loop, suppressing IL-1β and TNF-α production by mono-
nuclear phagocytes. Bacterial infections tend to trigger a 
stronger acute-phase response than viral infections. The 
acute-phase response improves the ability to fight infec-
tion, stimulates wound healing, and improves hemo-
stasis. The increase in fibrinogen increases hemostatic 
ability and plasma viscosity.118 The latter is the reason 
the erythrocyte sedimentation rate is used as a nonspe-
cific diagnostic test for disease activity. CRP is a measure 
of the acute-phase response and degree of stress because 
of enormous concentration increases (e.g., on the second 
day after hip replacement concentrations increased from 
<6 to >200 mg/L).69
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Reduced synthesis of binding proteins, such as albu-
min, transthyretin (prealbumin), retinol-binding protein, 
and transferrin, simultaneously occur with the increased 
synthesis of acute-phase proteins. This reduction in the 
synthesis and plasma concentrations of binding proteins 
elevates the plasma concentrations and bioavailability of 
free hormones and electrolytes. As previously discussed, 
decreased plasma concentrations of cortisol-binding 
globulin and albumin increase the concentrations of 
free cortisol. Albumin concentrations (half-life, 21 days) 
decrease because of reduced synthesis, redistribution in 
the expanded extracellular fluid, and a greater fractional 
catabolic rate. Therefore, short-term changes in albumin 
concentrations do not reflect changes in synthesis. For 
nutritional evaluation, proteins (e.g., prealbumin) with 
short half-lives (2 days) are measured. However, they also 
have limitations because concentrations are decreased in 
hepatic failure and increased with renal failure.119

ENERGY EXPENDITURE

Metabolism consumes fuels, such as glucose and fatty 
acids, to produce energy-containing compounds (e.g., 
ATP) for use in many energy-consuming body functions. 
Among the major functions of eating is replenishing this 
fuel. The amount of fuel burned is directly reflected by the 
amount of energy released as heat (direct calorimetry) and 
indirectly reflected by the amount of oxygen consumed, 
CO2 produced, and urine urea nitrogen excreted (indirect 
calorimetry). The components of the daily TEE are outlined 
in Table 106-2. Daily caloric intake should be sufficient to 
meet the daily energy expenditure. Intakes in excess of TEE 
result in the deposition of fat and weight gain, whereas 
sustained intakes less than TEE result in weight loss.

In patients with stressful illnesses, the altered meta-
bolic milieu increases REE. The Harris-Benedict equation 
(see Table 106-2) estimated that patients with trauma, 
sepsis, chronic obstructive pulmonary disease (COPD), 
or burns and are spontaneously breathing after surgery 
have REEs that are above the estimated REE (eREE).120-122 
The resultant elevation of REE is in contradistinction to 
starved or semi-starved individuals whose energy expen-
diture decreases as part of an adaptive response.

Patients who are spontaneously breathing after sur-
gery have shown a measured (via indirect calorimetry) 
REE greater than the eREE. The higher REEs ranged from 
10% to 20% after elective surgery to 20% to 40% dur-
ing sepsis (although values as high as 80% have been 
reported after sepsis). Patients with fractures of the long 
bones tend to have higher REEs and eREEs than those 
with similar degrees of injury without fractures. A peak 
REE occurs during approximately the third postopera-
tive day, and hypermetabolism may last as long as 3 to 
4 weeks in patients with trauma or with burns who are 
critically ill. Patients with burns can be extremely hyper-
metabolic (with a REE as much as 120% greater than the 
eREE) with the degree of hypermetabolism proportional 
to the extent and severity of the burns.123 Older patients 
(>60 years of age) have less of a hypermetabolic response 
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(also see Chapter 80).

Patients who are mechanically ventilated after surgery 
and patients with trauma have lower increases in REE 

en
on
lea
n patients who are spontaneously breathing because 
y are receiving sedatives and/or muscle relaxants, 

th of which decrease the REE by as much as 20%.124 
such patients, measured REEs are often within ±10% 
16% of the eREEs.125,126 Another cause of this lack 
hypermetabolism is that they have no or minimal 
rk of breathing when ventilation is controlled by the 
chanical ventilator. As they begin to breathe sponta-

ously, the REE rises because of the increased work of 
athing and reduced sedation. During weaning from 
chanical ventilation, energy expenditure rises further 
the patient sustains more of his or her breathing, seda-
n is stopped, and anxiety sets in.127 However, these 
tients in the ICU who are extremely ill retain resuscita-
n fluid (third space) that increases their body weight 
 as much as 10% to 12%. Because edema fluid has no 
tabolic activity, using their current instead of their 
injury weight in the Harris-Benedict equation may 

erestimate the eREE and thus underestimate the degree 
hypermetabolism.128

The causes of hypermetabolism during stress are mul-
ctorial. Fever results in an increase of 11% in energy 
enditure for each increased degree of Celsius in body 
perature. In addition, the effects of the increase in 

ergy-consuming processes such as gluconeogenesis 
d ureagenesis increase the rate of metabolism. Cat-
olamines infused into normal subjects increase the 
tabolic rate.129 This increase is even greater when cor-
l, glucagon, and catecholamines are infused together. 

e significant hypermetabolism in patients with head 
uries has been ascribed to major sympathetic nervous 
tem activation, which also occurs with other types 
intracranial pathologic conditions. For example, for 
least 5 days after subarachnoid hemorrhage, the REE 
s 18% above the eREE. Shivering during induced 
perthermia can result in significant increases (>200%) 
energy expenditure; therefore, treatment with seda-
es and/or neuromuscular blockade is indicated. The 
reased energy expenditure has also been ascribed to 
reased protein oxidation and synthesis. Yet, after elec-
e surgery, only a modest change in energy expenditure 
s been reported, despite increased protein turnover. 
other process that contributes to hypermetabolism is 
ile substrate cycling (see Fig. 106-7). Reducing the rate 
the lipolysis in the re-esterification futile cycle with 
drenergic blockade reduced REE in burned children. 
e teleologic reason for the increase in futile cycling is 
t it affords patients the flexibility to adapt quickly to 

anges in energy substrate demands.
Environmental factors may also affect energy expen-
ure. Elevated ambient temperature and humidity have 
n shown to reduce the REE of patients with burns by 
ucing evaporative losses and, in turn, reducing the 

ed to generate energy to maintain body temperature.

ETABOLIC RESPONSES TO SEPSIS

like the short-term stress of elective surgery with its 

suing recovery period, sepsis is characterized by an 
going stressful stimulus with systemic effects that can 
d to multiple organ system dysfunction. The basic 



metabolic response observed during sepsis is similar to 
that after major surgery, burns trauma, and major non-
septic illnesses such as pancreatitis and serious transfu-
sion reactions (e.g., blunting of the inhibitory effects of 
insulin on lipolysis and gluconeogenesis).130 However, 
the presence of bacteria and bacterial components that 
initiate and sustain additional metabolic, inflammatory, 
immunologic, and coagulation responses further char-
acterize sepsis.131 These responses are demonstrated by 
the greater number of complement and coagulation pro-
teins found in the plasma proteome profile of infected, as 
opposed to uninfected, patients with trauma who are crit-
ically ill.79 Such biochemical differences, whether proteo-
nomic or metabolomic, are important because they may 
serve as biomarkers for early detection of active infection 
and for differentiating between sepsis or septic shock and 
the noninfective systemic inflammatory response syn-
drome (see Box 106-1).132

As part of the innate immune host defenses, Toll-like 
receptors (a group of pattern recognition receptors) recog-
nize extracellular or phagosomal alarmins, either PAMPs, 
which are products of bacteria, viruses, fungi, and proto-
zoa, or intracellular proteins (damage-associated molecu-
lar patterns [DAMPs], such as high-mobility group box 1) 
released by damaged cells.133 In addition to the Toll-like 
receptors, there are cytosolic NOD-like receptors, which rec-
ognize intracellular PAMPs and RIG-I–like receptors, which 
recognize viral RNA.134 Stimulation of Toll-like receptors 
activates transcription factor NF-κB and c-Jun N-terminal 
kinase (JNK) in immune cells, which initiate transcription 
of genes encoding proinflammatory cytokines. Mice defi-
cient in Toll-like receptors still succumb to sepsis, indicat-
ing that multiple pathways are active during sepsis. The 
type of infection influences the nature of the inflamma-
tory response. Endotoxins (lipopolysaccharide) from gram-
negative bacteria induce the production of TNF-α, IL-1, 
and IL-6, whereas exotoxin from gram-positive organisms 
significantly increases IL-8 more than TNF-α, IL-1, and 
IL-6.135 Furthermore, sterile inflammation produces a dif-
ferent expression of Toll-like receptor genes than sepsis,136 
whereas septic shock produces a different cytokine profile 
than severe sepsis.137 Viral infections produce different 
profiles from those produced by bacterial infections.

Critical illness–related corticosteroid insufficiency, 
which is defined as inadequate serum corticosteroid activ-
ity for the severity of illness, reportedly occurs with some 
frequency in patients with sepsis138 (also see Chapter 
101). Cortisol concentration may be in the supranormal 
range and may increase in response to additional ACTH 
stimulation. The clinical presentation of critical illness–
related corticosteroid insufficiency is usually reduced 
responsiveness to fluid and vasopressor therapy; it is also 
associated with increased mortality. This relative adrenal 
insufficiency is acute and self-limited as it reverses upon 
resolution of the acute illness. The cause is unknown but 
might be attributable to decreased ACTH level or cortisol 
secretion and/or reduced tissue sensitivity to glucocorti-
coids.139 Therefore, finding ways to easily and rapidly 
identify patients with this problem and to determine 
whether glucocorticoid replacement improves outcome 
are the challenges.138 Multicenter, randomized, double-
blind, placebo-controlled trials and meta-analyses of 
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patients with septic shock who are receiving placebo or a 
low-dose steroid (e.g., 50 mg intravenous hydrocortisone 
every 6 hours for 5 days, followed by a 5 to 6 day taper) 
found no differences in either group in mortality between 
those who did and those who did not respond to an ACTH 
challenge. Although hydrocortisone did reverse shock 
more quickly than the placebo, more episodes of superin-
fection, bleeding, and hyperglycemia occurred.139-141

MODULATING THE STRESS RESPONSE

Although the stress response evolved as a mechanism for 
assisting organisms in reacting to immediate danger, its 
effects may be detrimental to patients undergoing surgery 
or suffering from sepsis. For example, the hypercoagulable 
state intended to stem acute bleeding may lead to deep 
vein thrombosis and pulmonary emboli in immobilized 
patients. Furthermore, in extended stress situations, the 
prolonged catabolism resulting from cytokine and stress 
hormone production leads to the loss of fat and muscle 
with ensuing weakness and fatigue. This weakness and 
fatigue, coupled with stress-related disordered immuno-
logic function, increases vulnerability to infections.

The detrimental consequences of the stress response 
have increased the interest in aborting its appearance and/
or actions. However, considering whether the goal of stress 
response modulation is full elimination or simply attenu-
ation is necessary. By eliminating the stress response, its 
beneficial effects, such as support of blood pressure by cat-
echolamines in the face of hypovolemia or the stimulation 
of cytokine production to enhance immunity, may be lost. 
Therefore, partial or selective suppression of the response 
may be more reasonable. In this manner, some responses 
may be partly preserved, such as the cardiovascular response 
to hypovolemia. Decreasing certain consequences of the 
stress response, such as diminishing the degree of catabo-
lism and lipolysis to reduce the loss of muscle and fat mass, 
offer other advantages. One approach tried in patients with 
sepsis was selective mediator blockade. A prime example 
was anticytokine therapy (e.g., anti-TNF antibodies, IL-1 
receptor antagonists) during sepsis and septic shock. The 
results of such therapy were disappointing because they 
not only failed to demonstrate any improvement in sur-
vival but, in some instances, even reduced survival. Pos-
tulated reasons for these failures include the possibility 
that targeting a single mediator may not be sufficient to 
block the wide-ranging ongoing biologic cascade. Another 
possible reason is that cytokines have beneficial immu-
noenhancing effects that assist the organism in combating 
infection. Impeding these effects thus leads to decreased 
immune function, causing increased mortality. Therefore, 
any attempt at modulating the stress response must be 
monitored for detrimental effects.

PREOPERATIVE STRESS RESPONSE

Patients undergoing elective surgery often suffer from 
preoperative anxiety, a state of psychologic stress involv-
ing low-level activation of the hypothalamic-pituitary 
axis and possibly cytokines. Evidence for such early acti-
vation comes from the observation that salivary cortisol 
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increases by 50% after receipt of information about sur-
gery. Other studies show that both β-endorphin and 
epinephrine concentrations increase preoperatively. 
Whether this preexisting activation of the stress response 
has an additive effect on the subsequent stress response 
induced by surgery remains unclear (also see Chapter 38).

Preoperative medication tempers anxiety, thus attenuat-
ing the stress response. Midazolam as a premedication reduces 
anxiety and limits increases in intraoperative epinephrine 
and, possibly, norepinephrine and cortisol. Although it is 
unknown how benzodiazepines exert their activity, patients 
do increase cortisol production in response to exogenous 
ACTH, supporting the contention that the benzodiazepines 
exert their effect at a higher level, that is, on the hypothala-
mus or pituitary. Heavy premedication with a combina-
tion of opioid and antihistamine or opioid, anticholinergic 
agent, and benzodiazepine more successfully blunted serum 
catecholamine, AVP, ACTH, and cortisol increases than ben-
zodiazepines alone. When administered as a premedication, 
melatonin, a hormone secreted by the pineal gland, reduces 
anxiety.142 Nonpharmacologic approaches to anxiety reduc-
tion have also been investigated. Music, video glasses, and 
smartphone applications reduce preoperative anxiety and 
thus may have practical applications.143-143c

Fasting before anesthesia is an accepted practice to 
lessen the risk for pulmonary aspiration (also see Chapter 
38). Many patients fast for 8 to 12 hours before the start of 
surgery. This practice has been challenged because patients 
arrive to the surgical unit in a state of starvation with its 
attendant glycogenolysis caused by low insulin and high 
glycogen levels. These patients are then subjected to surgi-
cal stress with its resulting insulin resistance, catabolism, 
and gluconeogenesis. Contemporary guidelines permit 
clear fluid intake until 2 hours before surgery. This guide-
line has led to interest in administering a carbohydrate 
(e.g., 50 g) or carbohydrate-protein (e.g., 50 g carbohy-
drate plus 15 g glutamine) load 2 to 3 hours before surgery 
in an attempt to increase insulin concentrations and to 
reduce glucagon levels, leading to lesser degrees of post-
operative insulin resistance and catabolism.144-148 Small 
studies showed reduced postoperative insulin resistance, 
lower protein loss, and the preservation of mitochondrial 
function with these feedings.146-148 A meta-analysis con-
cluded that preoperative carbohydrate loading may be safe 
and attenuate postoperative insulin resistance better than 
placebo, but the quality of the trials was low.149 Carbohy-
drate administration is part of the Enhanced Recovery after 
Surgery (ERAS) program, which also includes thoracic epi-
dural anesthesia or analgesia, no nasogastric decompres-
sion, and early resumption of oral intake. Meta-analysis 
showed reduced overall (but not major) complications and 
lengths of hospital stay after open colorectal surgery.150,151 
A systematic review of 17 studies (1445 patients) showed 
reduced postoperative insulin resistance and decreased 
anxiety and nausea, but not evidence of preserved muscle 
mass, after preoperative carbohydrate-rich drinks.151a

INTRAOPERATIVE STRESS RESPONSE

Modulating the intraoperative stress response with anes-
thetics depends on various factors, including the type of 
anesthesia and surgery. Because separating the effects of 
he anesthetics themselves from the stress response gen-
rated by the surgical injury is nearly impossible, studies 
enerally compare the effects of two or more anesthetic 
egimens on the overall stress response during a specific 
urgical procedure.

NHALED ANESTHETICS

olatile anesthetics minimally suppress the hormonal 
tress response and are basically ineffective in counter-
cting biochemical responses (e.g., lipolysis) induced 
y surgical stimulation. The evidence is conflicting as 
o whether volatile agents prevent surgically induced 
atecholamine secretion, although enflurane is most 
apable of blocking intraoperative catecholamine surges. 
alothane and isoflurane failed to affect serum cortisol 

oncentrations in both the absence and presence of sur-
ery. No differences were cited between intraoperative 
ortisol or glucose levels of desflurane anesthesia during 
bdominal hysterectomy between light bispectral index 
BIS) monitoring of 50 and deep BIS monitoring of 25.152 
evoflurane, however, attenuated the cortisol and ACTH 
esponses to laparoscopic ovarian cyst removal.153 No dif-
erences in plasma cortisol, ACTH, insulin, or glucagon 
oncentrations were reported between extended (>10 
ours) isoflurane/NO2 or sevoflurane/NO2 anesthesia 
uring head and neck surgery. Although with sevoflu-
ane/NO2, epinephrine and norepinephrine concentra-
ions were attenuated during surgery and rose only after 
urgery154 (also see Chapter 26).

NTRAVENOUS ANESTHETICS

ome intravenous anesthetics partially modify the endo-
rine and metabolic components of the stress response. 
odium thiopental (5.0 to 5.1 mg/kg) does not prevent 
ncreases in catecholamine concentrations after intuba-
ion. However, many studies show lower epinephrine 
nd norepinephrine concentrations when propofol (2.0 
o 2.2 mg/kg), rather than pentothal, is used for intu-
ation. This finding is attributed to propofol’s intrinsic 
bility to inhibit catecholamine secretion, possibly by 
ecreasing catecholamine release from chromaffin cells. 
ropofol (1.5 to 2.5 mg/kg) also decreases cortisol con-
entrations during intubation. Etomidate does not affect 
etabolic responses except to decrease hyperglycemia, 
hich is attributed to etomidate suppressing the adre-
ocortical response by blocking cortisol and aldosterone 
ynthesis.

Compared with benzodiazepines, the α2-adrenergic 
gonists, clonidine and dexmedetomidine, are more suc-
essful at blunting the hemodynamic and catecholamine 
esponses to intubation and intraoperative stress. The 
2-agonists blunt the stress response by reducing nor-
pinephrine release from central and peripheral nerve 
ndings. When 4.5 μg/kg of oral clonidine was given pre-
peratively, intraoperative plasma catecholamine con-
entrations were reduced. Similar doses reduced not only 
lasma but also cerebrospinal fluid (CSF) concentrations 
f TNF-α and norepinephrine.155 Such doses also attenu-
ted the intraoperative and postoperative hyperglyce-
ic responses to minor surgery. Whether clonidine also 



attenuates the cortisol response is unclear.156 Moreover, 
α2-agonists, such as dexmedetomidine, do not suppress 
steroidogenesis157 (also see Chapter 30).

OPIOIDS

Opioids can blunt the stress response. Fentanyl (50 μg/kg) 
plus halothane and NO abolished the elevations in cortisol, 
GH, and glucose normally seen during hysterectomy. Mor-
phine (1.0 mg/kg) reduced GH and cortisol elevations dur-
ing abdominal surgery. However, other studies show that 
the same dose of morphine was unable to suppress increased 
GH secretion during similar surgeries. In some but not all 
studies, opiates decreased cytokine production.65,158,159 Pro-
pofol-alfentanil anesthesia, compared with isoflurane anes-
thesia, caused lower IL-6 concentrations. These lower IL-6 
concentrations are thought to occur because opioids bind 
to monocyte receptors and reduce intracellular cAMP con-
centrations. cAMP is necessary for monocyte secretion of 
IL-6. However, propofol-remifentanil anesthesia, compared 
with sevoflurane and sevoflurane-fentanyl anesthesia, did 
not always attenuate the IL-6 elevations.158,159 High-dose 
remifentanil (1.0 μg/kg/min) infusion plus sevoflurane 
attenuated the ACTH, cortisol, epinephrine, norepineph-
rine, and ADH responses to limb tourniquet application 
compared with anesthesia with lower dose (0.25 μg/kg/
min) remifentanil plus sevoflurane anesthesia.159a

The limitation of the stress-reducing effects of opioids 
is most evident during cardiac surgery. Although high-
dose fentanyl (50 to 200 μg/kg) and morphine (2 to 4 mg/
kg) prevent increases in catecholamine and cortisol con-
centrations before cardiopulmonary bypass surgery, both 
catecholamine and cortisol concentrations increase dur-
ing bypass surgery. Similarly, high-dose sufentanil (12 μg/
kg induction, 3 μg/kg before skin incision, and 5 μg/kg 
before bypass) limited increases in catecholamines, corti-
sol, and AVP before surgery, but it failed to attenuate their 
elevation both during and after bypass surgery. The rever-
sal of the opioid-related stress-reducing effects by bypass 
is attributed to nonpulsatile blood flow, artificial surfaces 
of the bypass circuit, renin and angiotensin release, hypo-
thermia, and dilution of the plasma opioid concentration.

How opiates curb the stress response is unknown. One 
theory is that this action is mediated through hypotha-
lamic and pituitary opiate receptors. This theory has been 
questioned because of the similar effects of fentanyl and 
sufentanil on the stress response, despite the significantly 
greater affinity of sufentanil for brain opiate receptors. Both 
intravenous (50 μg then 20 μg every 30 minutes) and intra-
thecal high-dose (150 μg) sufentanil attenuated the intra-
operative epinephrine and norepinephrine responses in 
patients undergoing general anesthesia for major abdomi-
nal surgery. However, only in the intrathecal group were 
the intraoperative ACTH and cortisol responses attenu-
ated. Therefore, the unique actions of sufentanil may only 
be apparent on intrathecal administration.160

Although general anesthesia undoubtedly prevents an 
even greater stress response by rendering patients insensate 
to the discomfort and pain of surgery, it is unable to elimi-
nate many manifestations of the stress response completely, 
which is ascribed to the inability of anesthesia to diminish 
or abolish the afferent nervous input from the area of the 
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injury. Additionally, general anesthesia does not alter the 
effects of cytokines such as IL-6 and TNF, which are pro-
duced within the area of the wound (also see Chapter 30).

NEURAXIAL ANESTHESIA

Neuraxial anesthesia more effectively attenuates the 
stress response than general anesthesia (also see Chapter 
56). The ability of such anesthesia to modify the intra-
operative stress response depends on the level of the 
blockade, the location of the surgery, and the drugs used. 
Lower extremity surgery with epidural anesthesia results 
in lower intraoperative catecholamine concentrations 
when compared with general anesthesia.100 These reduc-
tions in catecholamines may be caused by blockade of 
afferent nerve stimuli, reducing hypothalamic activation 
of the sympathetic nervous system and adrenal medulla. 
Further evidence for reduced hypothalamic activation is 
that epidural anesthesia to a T4 level successfully blunts 
increases in TSH. Similarly, epidural anesthesia attenuates 
the usual increases in AVP during vaginal surgery.

Lower abdominal and lower extremity surgery with 
neuraxial anesthesia reduces or abolishes the hyperglyce-
mic response to surgery, likely because of the lack of stimu-
lation of hepatic glycogenolysis attributable to a reduced 
epinephrine response or blockade of hepatic sympathetic 
pathways or both. Reduced sympathetic and adrenal activ-
ity with epidural blockade also prevents normal intraoper-
ative increases in FFAs and glycerol (lipolysis) during lower 
abdominal surgery. Further evidence that sympathetic 
blockade reduces intraoperative lipolysis is that lipolysis 
was reduced during inguinal hernia repair only when spi-
nal anesthesia reached the T1-T3 sensory level. The influ-
ence of neuraxial blockade on cortisol secretion is less clear. 
Although neural blockade during lower abdominal surgery 
reduces the stress-induced cortisol response, whether the 
degree of suppression is similar to that of other hormones 
remains unclear. This incomplete reduction in the stress 
response may be caused by the inability of epidural anes-
thesia to alter the IL-6 response to abdominal surgery, 
suggesting that IL-6 secretion is neither mediated by noci-
ceptive stimuli nor affected by sympathetic blockade. IL-6 
increases pituitary ACTH secretion and thus stimulates 
cortisol secretion. Similar attenuation of catecholamine 
and cortisol secretion occurred when patients with spinal 
cord injury had surgery below their lesions.161

Neuraxial anesthesia more successfully reduces the 
stress response during lower abdominal than upper 
abdominal or thoracic surgery. Whether T3-T4 epidural 
blockade can suppress surges in cortisol and catechol-
amine concentrations during upper abdominal surgery 
remains controversial. Epidural blockade as high as C6 
does not influence the cortisol response during upper 
abdominal or thoracic surgery. This hypothesis was dis-
puted when blockade extending from T3-T4 to L1-L2 
significantly reduced the cortisol response during gas-
trectomies. Similarly, it remains uncertain whether 
epidural blockade for upper abdominal surgery alters 
lipid or protein metabolism, although it seems to par-
tially suppress the hyperglycemic response.162 The fact 
that regional anesthesia is unable to suppress the stress 
responses induced by upper abdominal stimulation can 
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be attributed to inadequate afferent sympathetic block-
ade, unblocked vagal afferent pathways, unblocked 
phrenic afferents, or locally released humoral substances. 
Others suggested that regional anesthesia that does not 
completely block afferent stimuli will not affect the hypo-
thalamic-pituitary axis because epidurally induced sym-
pathetic block does not completely block neural traffic 
but only reduces it. Supporting this hypothesis, the com-
bination of epidural and splanchnic blockade (injection 
of bupivacaine directly into the splanchnic plexus) dur-
ing upper abdominal surgery reduced both the catechol-
amine response and plasma cortisol concentrations more 
effectively than epidural anesthesia alone. Similarly, con-
tinuous spinal local anesthetic infusion more successfully 
attenuated the cortisol and glucose responses to upper 
abdominal surgery than epidural anesthesia, presumably 
by better blockade of afferent nerves.

Another possible explanation for the inability of 
epidural anesthesia to attenuate the response to upper 
abdominal surgery is stimulus transmission through 
unblocked vagal afferent nerves. However, no attenua-
tion of the stress response is observed after either vagal 
blockade or surgical vagotomy. Evidence for phrenic 
nerve involvement was shown when epidural blockade 
to the C3-C4 dermatome level during upper abdominal 
surgery more successfully blunted increases in ACTH and 
AVP than did C8-T2 blockade.

The drugs used for regional anesthesia also influence 
the ability to affect the stress response. Epidural opiates 
are unable to prevent catecholamine surges. Increases in 
catecholamine concentrations were limited by 2-chlo-
roprocaine and bupivacaine but not by lidocaine. This 
difference may be attributable to the central stimulatory 
effects of lidocaine.

COMBINED GENERAL AND NEURAXIAL 
ANESTHESIA

Combined general and neuraxial anesthesia should 
reduce the stress response if the general anesthetic is suf-
ficiently deep to attenuate the stimulation of the endo-
tracheal tube and if the neuraxial anesthesia is adequate 
to block afferent signals from the surgical site. Compared 
with general (sevoflurane-remifentanil) anesthesia alone, 
the general anesthetic plus ropivacaine-sufentanil tho-
racic epidural anesthesia attenuated increases in cortisol, 
epinephrine, and norepinephrine concentrations dur-
ing and after radical retropubic prostatectomy.163 Both 
desflurane-epidural (sensory block T4-S1) and desflurane-
remifentanil anesthesia for colorectal surgery resulted in 
less glucose production and less hyperglycemia, com-
pared with desflurane alone.164 During upper abdominal 
surgery, plasma levels of cortisol, epinephrine, and IL-10 
were lower with thoracic epidural plus general (isoflurane) 
anesthesia, compared with general anesthesia alone.165

Combined general and epidural anesthesia in coro-
nary artery bypass grafting has been extensively studied. 
Patients receiving fentanyl anesthesia plus thoracic epi-
dural bupivacaine (10 mg [5 mg/mL] every 4 hours) dur-
ing coronary artery bypass grafting had lower epinephrine 
and norepinephrine levels both intraoperatively (includ-
ing during bypass) and postoperatively, compared with 
rols receiving only large doses of fentanyl. Results 
onflicting as to whether the cortisol response is also 
ced. Although cytokine responses were not affected, 
and fibrinogen, but not troponin-I, levels were lower 
 24 hours after surgery.166 Combined general and epi-
l anesthesia with continued postoperative epidural 
gesia for off-pump cardiac surgery resulted in lower 
and IL-8, but not cortisol or troponin-I, concentra-
 after surgery (12 to 48 hours) when compared with 
ral anesthesia plus postoperative patient-controlled 
gesia (PCA) of morphine.167 Despite some attenua-
of the stress response, a meta-analysis did not show 
r myocardial infarctions or lower mortality with tho-
 epidural plus general anesthesia for on-pump coro-
 artery bypass surgery168 (also see Chapter 56).

RMOREGULATION

her way of minimizing the stress response is main-
ng perioperative normothermia (see Chapter 54). 
operative hypothermia, followed by postopera-
rewarming, stimulates the response. Patients with 
thermia (35.3° C core temperature) had higher 

operative plasma norepinephrine and epinephrine 
entrations than their warmer counterparts.169 These 
ted catecholamine concentrations are partially the 
t of postoperative rewarming with shivering and 
dilation that leads to hypotension. Elevated catechol-
es have been postulated to be among the reasons for 
reater incidence of myocardial ischemia after vascu-
rgery in patients with hypothermia. There are thus 
al reasons to maintain intraoperative normothermia.

TOPERATIVE PERIOD

intraoperative attenuation of the stress response 
nesthesia is often lost on emergence from anes-
a because of pain and awareness, coupled with a 
s of stress-producing events (e.g., tracheal extuba-
 shivering) (also see Chapter 96). This postoperative 
nse has been demonstrated by extreme elevations 

lasma ACTH and cortisol immediately after surgery 
 isoflurane anesthesia. Likewise, after sevoflurane-NO 
thesia, peak cortisol, ACTH, and catecholamine con-
rations occurred after tracheal extubation, implicat-
nesthesia emergence as more stressful than surgery. 

 phenomenon may be especially striking with sevo-
ne anesthesia because of its typical rapid emergence. 
ciated with these significantly elevated catechol-
e concentrations is an increased incidence of myo-

ial infarction that peaks 24 to 48 hours after surgery.
milar to an inhaled anesthetic, general anesthesia 
 intravenous drugs does not prevent the postopera-
tress response. Intravenous opioid anesthesia did not 
t the stress response in the late postoperative period 
ours). Abrogation of the suppressive effects of anes-
a on the stress response on emergence was further 
onstrated when patients were deeply sedated with 
ofol for 12 hours after cardiopulmonary bypass sur-



However, once propofol was discontinued, hormone
concentrations rose, indicating that deep sedation only
delayed the appearance of the stress response.170 There
fore, unless therapy that suppresses the stress response i
continued during and after emergence and extubation
the postoperative period is marked by the full appearance
of the stress response.

After lower abdominal surgery, continuous postopera
tive analgesia via an epidural catheter using local anesthet
ics reduced the stress response. For example, continuou
epidural analgesia (sensory block of T4-S5) for 24 hour
after colorectal surgery successfully blunted increases in
catecholamine but not cortisol concentrations. A simila
regimen administered for 24 hours after hysterectomy
resulted in lower glucose and FFA concentrations than did
general anesthesia. Furthermore, better nitrogen economy
was observed in patients after hip replacement who were
provided with 24 hours of epidural local anesthetics (sen
sory level: T10) than in patients who were administered
only general anesthesia. This observation occurred with
postoperative local anesthetic doses that provided only
analgesia and not anesthesia. Similarly, combined spinal
epidural anesthesia during hip replacement with postop
erative epidural analgesia (ropivacaine-sufentanil) resulted
in reduced leucine oxidation rate on the first postoperative
day, whereas hyperglycemia was prevented only intraop
eratively.171 Attenuating the stress response with continu
ous postoperative epidural analgesia was more successful in
lower than in upper abdominal surgeries, a finding simila
to the observations during intraoperative epidural anesthe
sia. Yet, stress response reduction after upper abdomina
surgery has been reported. For example, after abdomina
aortic surgery, epidural morphine reduced the postopera
tive sympathetic but not adrenal epinephrine response
thus reducing the incidence of postoperative hypertension
However, neither epidural ropivacaine nor epidural mor
phine analgesia suppressed the catabolic response when
administered to patients after colonic surgery, but ropiva
caine did increase the carbohydrate oxidation rate, likely
reflecting reduced insulin resistance.172 The reduced insu
lin resistance, coupled with decreased gluconeogenesis, led
to less hyperglycemia.172 Therefore, pain control with epi
dural opioids or local anesthetics is unable to lessen many
of the metabolic changes associated with such surgeries.17

However, combined epidural opioid–local anesthetic anal
gesia appears more effective in attenuating catabolism.174

Whether modifying the stress response improves out
come is unclear. Ideally, one of the desired effects of anes
thesia is a stress-free state, and achieving such an effec
has become increasingly important as the stress response
is more frequently implicated in the development o
postoperative complications, especially among patient
who are chronically ill and aging.175 However, contem
porary anesthesia practice can only partially  modify
this response and then only under specific conditions
General anesthesia has a limited ability to attenuate
the stress response, whereas regional anesthesia is more
effective. Therefore, it stands to reason that outcome
would improve with regional anesthesia. A meta-analy
sis showed decreased mortality with regional anesthesia
as opposed to general anesthesia in a variety of surgica
procedures. However, this analysis has been criticized
Chapter 106: Nutrition and Metabolomics 3143
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because only patients who underwent orthopedic proce-
dures had improved outcomes. Furthermore, morbidity 
studies demonstrated that under some circumstances, 
epidural anesthesia reduced postoperative complications, 
such as deep vein thrombosis.

Attempts to modulate the perioperative stress response 
include nonanesthetic approaches (e.g., using β-adrenergic 
antagonists) to block cardiovascular end-organ receptors 
and α2-adrenergic agonists to stimulate central receptors. 
These approaches have met with some success. Using 
β-adrenergic antagonists in patients with ischemic heart 
disease does not reduce the perioperative neuroendocrine 
or endocrine stress response but blocks the end-organ 
response. Such end-organ blockade also has metabolic 
effects. Administering propranolol to children who are 
severely burned decreased their REE, attenuated muscle 
catabolism, reduced lipolysis, preserved lean body mass, 
and reduced TNF and IL-1 concentrations without increas-
ing infections.176 Hepatomegaly attributable to fatty liver 
was prevented because reductions in both lipolysis and 
hepatic blood flow decreased fatty acid delivery to the 
liver.177 Mortality was unaffected by propranolol.176 In 
patients with severe sepsis, selective β1-adrenergic block-
ade had no effect on REE or muscle protein kinetics,178 
indicating that attenuation is primarily due to β2-receptor 
blockade. However, discontinuing the β blockade into the 
anabolic period is important because β-adrenergic activity 
might be significant in muscle tissue restoration.179

Another nonanesthetic modulation of the stress 
response is administering a single preoperative dose of 
exogenous glucocorticoids. Administering intravenous 
methylprednisolone (30 mg/kg) 60 to 90 minutes before 
the start of major abdominal, hepatic, and esophageal sur-
gery reduced the stress response with lesser increases in IL-6, 
CRP, norepinephrine, and AVP and increased the secretion 
of IL-10. A meta-analysis of 51 studies in which a single 
dose of methylprednisolone (15 or 30 mg/kg) was given 
showed no increase in complication rates.180 Further study 
is needed to determine whether this approach significantly 
affects outcome. Similarly, methylprednisolone treatment 
before cardiac surgery attenuated cytokine secretion.

The inability of any one modality to reduce the stress 
response and significantly alter outcome has spawned the 
multimodal approach. The goals are to shorten the con-
valescence period and reduce the postoperative decline 
in functional status by an improvement of pain control, 
early return of gut function, and early mobilization. 
This approach involves combining some or all of the 
following: premedication (benzodiazepines, β-blockers, 
α2-agonists), preoperative carbohydrate intake, glycemic 
control, maintenance of normothermia, combining epi-
dural anesthesia or analgesia and nonsteroidal antiin-
flammatory drugs, avoiding opioids, early oral feedings or 
parenteral nutrition, and early mobilization after major 
abdominal surgery.181,182 Such a regimen permitted 32 of 
60 patients after colorectal resection to go home within 
48 hours of surgery and, in a study of anterior colon 
resection, reduced hospital lengths of stay from 10 to 7 
days.183 Patients undergoing radical cystectomy, anesthe-
tized with general and thoracic epidural anesthesia and 
postoperative thoracic epidural analgesia, and treated 
with early oral nutrition and forced mobilization had 
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lower urinary catecholamines, less negative nitrogen bal-
ance, earlier return of bowel function, and a lower acute-
phase response than patients who were conventionally 
treated.119 The multimodal approach to modulating the 
perioperative stress response has considerable logic and 
practicality and, coupled with noninvasive surgery, has 
the potential to change postoperative care.

GLUCOSE CONTROL

Hyperglycemia appears almost immediately after the 
start of a major stress as a result of accelerated endog-
enous glucose production plus insulin resistance (also see 
Chapter 39). During major noncardiac surgery, peak glu-
cose concentrations were seen at 2 hours after anesthesia 
induction.183a Administering exogenous catecholamines 
and glucocorticoids exacerbates hyperglycemia. The 
teleologic explanation for the hyperglycemia is that it 
provides the wound and other glucose-dependent tissues 
with a ready supply of glucose. The experience gained 
from diabetic care showing the advantages of tightly con-
trolling blood glucose concentrations was the impetus for 
exploring whether tight glucose control is also advanta-
geous in managing acute hyperglycemia associated with 
stress (i.e., surgical, burn, trauma, sepsis).

Acute hyperglycemia is associated with immunosuppres-
sion, stimulated sympathoadrenergic activity, increased 
mortality, increased infections, reduced skin graft success, 
increased catabolism in patients with burns, and osmotic 
diuresis leading to volume depletion.184-187 These effects are 
ascribed to the proinflammatory actions of glucose attrib-
uted to increased secretion of TNF-α and IL-1, greater adher-
ence and sequestration of neutrophils in peripheral tissue, 
impaired microvascular relaxation in the presence of NO, 
and decreased monocyte human leukocyte antigen-DR (HLA-
DR) expression, reflecting reduced innate immunity.188 The 
proinflammatory cytokine response to endotoxin infusion 
in normal subjects was enhanced by concomitant hyper-
glycemia.189 These observations question whether elevated 
blood glucose concentrations are, themselves, detrimental or 
whether hyperglycemia is simply a marker of severe stress. 
Hyperglycemia on hospital admission in trauma victims por-
tends greater mortality, and hyperglycemia in both diabetic 
and nondiabetic patients after cardiac surgery is associated 
with a higher incidence of infections.

Van den Berghe and associates184 showed reduced mor-
tality in surgical (primarily cardiac) patients treated with 
intensive insulin therapy to maintain euglycemia (≤110 
mg/dL). Compared with conventional therapy, the aggres-
sive insulin therapy reduced ICU mortality especially from 
multiple organ failure by 43%, sepsis by 46%, and acute 
renal failure requiring dialysis or hemofiltration by 41%. 
In addition, patients in the ICU for longer than 7 days who 
were aggressively treated had less critical illness polyneu-
ropathy or myopathy.190 These results led to the question 
of whether it was lowering blood glucose concentration or 
administering insulin, an anabolic and antiinflammatory 
hormone, that reduced morbidity and mortality. Further-
more, studies suggest that avoiding hyperglycemia, rather 
than administering insulin for its correction, is beneficial 
because the total amount of insulin administered cor-
related with increased mortality, regardless of the blood 
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lucose concentration.191 The latter observation indicates 
hat a major determinant of mortality and morbidity is 
he severity of the critical illness, as demonstrated by the 
egree of tissue insulin resistance and hence the amount 
f insulin needed to control blood glucose.

The enthusiasm for tight control of blood glucose in 
atients with stressful illnesses must be tempered. The 

ncreased incidence of unrecognized hypoglycemia, espe-
ially in patients who are anesthetized and sedated, led to 
ecommendations that glucose be controlled to concentra-
ions greater than 140 mg/dL).184,185 The multicenter Nor-

oglycemia in Intensive Care Evaluation and Surviving 
sing Glucose Algorithm Regulation (NICE-SUGAR) trial 

ound greater mortality (increased absolute risk at 90 days 
f 2.6%) and more hypoglycemia of 6.8% versus 0.5%) 
n patients in the ICU who were treated with insulin to 
 glucose target of 81 to 108 ml/dL than those who were 
reated to a target of less than 180 mg/dL.192 Whether the 
ncreased mortality was due to the hypoglycemia or other 
actors was unclear because insulin appears to have proin-
ammatory actions and upregulates NF-κB under certain 
ircumstances.193 The high insulin doses could also further 
ncrease the REE. Another issue is whether all or only spe-
ific populations benefit from tight glucose control. One 
eta-analysis in cardiac surgery showed less ICU mortality 

nd lower hospital lengths of stay, less postoperative atrial 
brillation, and reduced duration of mechanical ventila-
ion with intensive insulin therapy; whereas another such 
nalysis showed no reduction in mortality but fewer post-
perative infections.194,195 The latter results are similar to 
hose obtained in pediatric surgery patients.195a Glucose-
nsulin treatment might be beneficial in myocardial infarc-
ion and ischemia.196 A meta-analysis incorporating 13,567 
atients in 26 studies concluded that in patients who were 
ritically ill, tight glucose control did not decrease mortality 
ut did control the increased risk of hypoglycemia.197,198 In 
ediatric ICU patients a multicenter trial involving 1369 
atients showed no significant effect on outcome with 
ight (72-126 mg/dL) versus conventional (<216 mg/dL) 
lucose control.198a

The benefits of lowering blood glucose concentrations 
<180 mg/dL) with insulin therapy after major surgery 
nd in critical illness are ascribed to abrogation of the 
roinflammatory actions of hyperglycemia (i.e., reduced 
L-6, IL-8, high-mobility group box-1, and TNF-α, as well 
s interference with IL-6 signal transduction), along with 
he antiinflammatory effects of insulin; protection of the 

itochondrial compartment and endothelium; lower 
erum cortisol concentrations; lower urinary nitrogen 
osses; and increased secretion of antiinflammatory hor-

ones, such as IL-4 and IL-10.199-204 Moreover, insulin 
herapy attenuated lipolysis, reduced endogenous glucose 
roduction, and increased glucose clearance, but not pro-
ein losses, in patients in medical ICUs.205

UTRITIONAL SUPPORT

ERIOPERATIVE PERIOD

mmediately after surgery, patients traditionally receive 
nfusions of 5% dextrose (glucose monohydrate), which 



provide 50 g/L dextrose or 170 kcal/L (dextrose provides 
3.4 kcal/g). Therefore, patients receiving 2 to 3 L/day of 
5% dextrose are essentially being semistarved. The ratio-
nale for infusing small amounts of dextrose is its protein-
sparing effects (i.e., reduced gluconeogenesis, which 
decreases the need for proteolysis, leading to lower uri-
nary nitrogen losses). In normal subjects, nitrogen losses 
decrease linearly as the amount of dextrose administered 
increases, up to an intake of 150 g/day. More than 150 
g/day of dextrose results in no further protein sparing 
unless protein and fat are also provided. Furthermore, 
small amounts of carbohydrate (100 g/day) prevent keto-
sis95 and can contribute to postoperative hyperglycemia. 
Even with larger amounts of glucose, the ability of exog-
enous glucose to suppress gluconeogenesis is diminished 
during stress. An infusion of 2 g/kg/min glucose during 
the first 3 hours of surgery reduced endogenous glucose 
production by 60%, as opposed to 90% reduction in 
patients before surgery.182 Dextrose regimens should only 
be continued for a few days (4 to 6 days) after surgery 
until the patient can resume oral intake. Patients unable 
to begin oral intake after such time should be evaluated 
for enteral or parenteral nutritional support.

Efforts have been directed at finding ways to improve the 
effectiveness of hypocaloric amounts of glucose adminis-
tered during the postoperative period. When compared with 
an intravenous pain regimen, the greater pain relief pro-
vided after abdominal surgery by continuous intraoperative 
and postoperative epidural blockade with local anesthetics 
and opioids (0.1% bupivacaine plus 2 μg/mL fentanyl to a 
T7-L3 sensory block) further decreased endogenous amino 
acid oxidation and increased whole-body glucose uptake 
by decreasing insulin resistance.206,207 These results are 
not unexpected because pain, itself, induces insulin resis-
tance and contributes to the catabolic state after surgery.208 
Furthermore, epidural analgesia reduces the duration of 
postoperative ileus (e.g., thoracic lumbar, local anesthetics 
opioids), allowing earlier resumption of oral intake.209

Postoperative protein sparing has been attempted with 
hypocaloric amino acid infusions.210 The idea is to provide 
small amounts of exogenous amino acids as gluconeogenic 
substrate (1 g produces 0.5 g of glucose) while avoiding 
the hyperglycemia observed during 5% dextrose infusions. 
However, there is a limit to how much protein can be used 
as an energy source, and postoperative amino acid infusions 
decreased gluconeogenesis only slightly but did suppress 
protein breakdown, reduced IGF-1 decreases, and stimulated 
protein synthesis.211,212 Administering amino acids instead 
of 5% dextrose appears to have few advantages, although the 
amino acids do reduce the loss of some lean body mass.210

Another use of intraoperative amino acid infusions are 
as thermogenic agents that are started either a few hours 
before surgery or after anesthesia induction to prevent or 
attenuate intraoperative hypothermia.213 During anes-
thesia, the central thermoregulation is silenced, leading 
to exaggerated amino acid thermogenesis. Amino acid–
induced heat generation during anesthesia occurs mainly 
in extrasplanchnic tissues, such as skeletal muscle, and is 
attributed to greater amino acid turnover because both 
protein breakdown and synthesis are energy-consuming 
(heat-generating) processes.214 Such infusions reduced 
the body temperature decline during spinal anesthesia by 
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0.5° C to 0.8° C215,216 and during off-pump coronary artery 
bypass surgery.217 Amino acid infusion (11.4% solution at 
2mL/kg/hr for 1 hour) successfully treated postoperative 
hypothermia-induced shivering.217a

INDICATIONS FOR NUTRITIONAL SUPPORT

The primary indication for initiating nutritional support is 
preventing or treating malnutrition among patients unable 
or unwilling to sustain sufficient oral intake. Between 20% 
and 35% of hospitalized patients suffer from malnutri-
tion on admission or during their stay. Therefore, nutri-
tional assessment and decisions concerning nutritional 
support should be part of the routine care of all hospital-
ized patients. A major consideration when contemplating 
nutritional support of an individual patient is whether 
the nutrition will improve his or her prognosis or quality 
of life, since nutritional wasting is the inevitable conse-
quence of many terminal diseases.218 Another important 
aspect of providing nutritional support to patients with 
stressful illnesses is that their already altered metabolic 
milieu greatly affects nutrient use and metabolism. More-
over, patients who are critically ill with recurrent bouts 
of sepsis have an ongoing proinflammatory response that 
contributes to continued catabolism. Therefore, during 
the acute phase of stressful illness, nutritional support is 
an adjunctive therapy whose goal is to provide energy sub-
strates to aid cellular functions and attempt to stem losses 
of lean and fat mass. Repletion of lost fat and muscle tissue 
must wait until the anabolic phase of the illness.

Preoperative malnutrition is associated with poor sur-
gical outcomes attributable to a more severe systemic 
inflammatory response and more postoperative infec-
tions.219 Preoperative criteria for increased postoperative 
risk include serum albumin less than 3.0 mg/L, BMI less 
than18 kg/m,2 and weight loss greater than 10% to 15% 
within 6 months.220-222 Compared with patients not at 
risk, 14% of patients undergoing elective gastrointestinal 
surgery who, on preoperative nutritional assessment, were 
at nutritional risk for postoperative complications had 3.5 
times as many severe complications and 2.5 times their 
median length of hospital stay.223 Yet demonstrating any 
benefit of preoperative parenteral and enteral nutrition in 
malnourished patients has been difficult, except for those 
who were severely malnourished and who had fewer non-
infectious postoperative complications after 7 to 10 days 
of preoperative nutritional repletion.224-226a Continuing 
TPN during and after surgery is beneficial in such patients.

The resumption of significant oral intake within 1 to 2 
days after elective resectional gastrointestinal surgery, rather 
than an extended period of no intake with or without gastric 
decompression via a nasogastric tube, has been shown upon 
meta-analysis to reduce total postoperative complications 
and not negatively affect mortality, anastomotic integrity, 
or hospital lengths of stay. In other types of elective and 
emergency major surgery, postoperative nutritional support 
is not indicated unless it is anticipated that the patient will 
be unable to resume adequate oral intake within 7 to 8 days 
after surgery.220 Patients not expected to resume adequate 
oral feedings by this time should begin nutritional support 
early (1 to 4 days) after surgery. In patients with preopera-
tive nutritional depletion not expected to resume oral intake 
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soon after surgery, such as those with head-neck and esoph-
ageal cancers, nasoenteric or jejunal feeding tubes should be 
placed at surgery and enteral nutrition begun immediately 
after surgery.220 A systematic review concluded that enteral 
nutrition started early (in 1 to 3 days) after hepatectomy 
reduced infectious complications when compared with 
TPN.227 Similarly, a systematic review of the literature con-
cluded that although many patients undergoing pancreati-
coduodenectomy are nutritionally depleted before surgery, 
routine postoperative TPN is not recommended because of 
the complication rate. However, postoperative enteral nutri-
tion is recommended.228 Nasojejunal enteral nutrition com-
pared with parenteral nutrition begun 8 hours after major 
rectal resection resulted in fewer anastomic leaks, earlier def-
ecation, and shorter length of hospital stay.228a

Patients in the ICU who are mechanically ventilated 
have a malnutrition rate of 38% to 100%211 (also see Chap-
ter 102). Therefore, nutritional support guidelines recom-
mend starting enteral nutrition early, that is, within 24 to 
48 hours of ICU admission, to reduce infectious compli-
cations and shorten the duration of hospitalization.229,230 
Patients unable to receive or tolerate enteral intake should 
be considered as candidates for TPN. However, disagree-
ment remains as to when to start the TPN in patients not 
tolerating enteral nutrition. The European Society for Clin-
ical Nutrition and Metabolism (ESPEN) guidelines state 
that if patients have not achieved adequate enteral intake 
in 2 days after ICU admission, then TPN should be started. 
The American Society of Parenteral and Enteral Nutrition, 
the Society of Critical Care Medicine (ASPEN/SCCM), 
and Canadian guidelines advocate waiting 7 days to start 
TPN.230,231 Compared with the early initiation of TPN 
(within 48 hours) to supplement inadequate enteral nutri-
tion, late initiation (≥8 days) was found on a randomized, 
multicenter trial to provide faster recovery (fewer days of 
mechanical ventilation), fewer infections, shorter duration 
of renal replacement therapy, and less cholestasis.232 This 
study thus supports a period of hypocaloric feeding for the 
first week of ICU stay. Furthermore, trophic feeding (10 to 
20 kcal/hr) for up to 6 days upon ICU admission did not 
reduce ventilator-free days, 60-day mortality, or infectious 
complications, but it was associated with less gastrointes-
tinal intolerance, compared with full enteral feeding in 
patients with acute lung injury.233,234 Another randomized 
multicenter study of ICU patients with relative short-term 
contraindications to enteral nutrition found that provid-
ing them with parenteral nutrition did not change 60-day 
mortality or the length of ICU and hospital stay compared 
with patients treated less aggressively, although the dura-
tion of mechanical ventilation was reduced.234a However, 
others showed that providing energy intake according to 
measurements of REE by supplementing enteral nutrition 
with TPN, if needed, within 48 hours of ICU admission 
appeared to improve survival.235,236 Starting nutrition on 
ICU admission is important, however, when and the rate 
that full caloric intake should be reached are still unclear.

PARENTERAL VERSUS ENTERAL NUTRITION

A major decision when designing a nutritional support 
regimen is the route of administration. If patients are eat-
ing on their own, then monitoring their intake is necessary 
to ascertain its adequacy. Many patients have little appetite 
and thus may need nutritional supplementation between 
meals (snacking) to increase their caloric intake. Patients 
may be unable to feed themselves because of confusion or 
weakness and may need to be fed. During eating, the intake 
of patients with severe COPD may be limited by arterial oxy-
gen desaturation, causing fatigue. Such patients may require 
supplemental oxygen via nasal cannula while eating. 
Patients who fail to sustain adequate caloric intake by eating 
require either supplemental enteral or parenteral nutrition.

The enteral route is favored over the parenteral method 
because it is the natural portal of entry for exogenous nutri-
ents. However, current evidence does not fully support 
this view except that enteral nutrition costs less.236,237 The 
enteral route obviates the need for intravascular access with 
its attendant risk of infections and sepsis. In addition, the 
array of nutrients that can be administered via the gastroin-
testinal tract is greater than what is available for parenteral 
use, allowing for better tailoring of nutrient intake. Other 
advantages of enteral nutrition are the ease of preparation 
and the maintenance of gut function. The importance of 
maintaining gut integrity (the gut derives up to 70% of its 
nutrients from luminal food) is to reduce the translocation 
of bacteria from the gut. Animal studies have shown that 
translocation of bacteria from intestines with reduced integ-
rity and increased permeability leads to local activation of 
the gut’s immune inflammatory system (Peyer patches and 
hepatic Kupffer cells). These cells then release cytokines 
that intensify the already existing systemic inflammatory 
response, increasing the risk for multiple organ failure. 
However, no overwhelming evidence of significant trans-
location in humans has been documented.238 The lack 
of enteral intake, such as the absence that occurs among 
patients after surgery who are critically ill and receiving no 
nutrition or only TPN, is associated with small intestinal 
villous atrophy, decreased villous cell count, and reduced 
mucosal thickness. Intestinal permeability, measured using 
the urinary lactulose-mannitol ratio, is increased. These 
changes reverse with enteral feeding. Interestingly, no 
evidence confirms mucosal atrophy among patients who 
received 10 days of preoperative parenteral nutrition. It is 
thought that atrophy, itself, does not lead to bacterial trans-
location; instead, a further insult is needed. One such insult 
is small intestinal ischemia-reperfusion injury after resusci-
tation from an episode of shock, which by itself can change 
gut integrity.239 This belief is supported by the observa-
tion that the incidence of bacterial growth from surgically 
removed mesenteric lymph nodes was higher in patients 
undergoing emergency surgery. Patients with such lymph 
nodes more commonly had postoperative sepsis.240 More-
over, in a patient with a stressful illness, constantly prolif-
erating gut epithelial and lymphoid tissues may possibly 
have an insufficient nutrient supply, further compromising 
gut integrity. The fear of reduced gut integrity along with 
studies showing preserved xylose absorption in patients 
who have been enterally, but not parenterally, fed has been 
among the reasons for recommending that enteral nutri-
tion begin early, even if only very small amounts can be 
administered. In the latter case, concomitant TPN is indi-
cated to provide adequate caloric intake.241

A major decision with enteral nutrition is the delivery 
method. Most patients are initially fed via nasoenteric 
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ubes, including large-bore tubes. The advantages of the 
atter include the ability to quantify residual feedings and 
uickly reinitiate nasogastric suction. The disadvantages are 
he potential for pulmonary aspiration occasioned by gas-
roparesis and incompetence of the gastroesophageal junc-
ion as a result of the diameter of the tube. Additionally, 
ong-term use of large-bore tubes can lead to sinusitis and 
titis media. Therefore, the type of feeding tube and the 
ocation of its distal end are major issues. For medium- and 
ong-term feedings, using a small-bore (8 to 12 Fr), soft (e.g., 
ilastic), and long (to reach the jejunum) feeding tube with 
 weighted distal end is best. Such tubes reduce nasal and 
haryngeal trauma and minimize gastroesophageal junc-
ion incompetence. Gastroparesis is common in patients 
ho are critically ill; therefore, placing the tube distal to 

he ligament of Treitz (small intestinal function generally 
emains intact) prevents pooling of feeds in the stomach 
ith its risk of pulmonary aspiration.215 Yet, whether jeju-
al feeding actually reduces the risk of aspiration remains 
ontroversial. Compared with gastric feedings, jejunal 
eedings facilitate higher caloric intakes. Passing the tube 
hrough the pylorus is often problematic because of gastro-
aresis and a supine and immobile state. Therefore, if pos-
ible, the tube should be passed through the pylorus during 
bdominal surgery. In nonsurgical situations, an attempt 
ay be made to pass a weighted tube through the pylorus 

y placing the tube in the stomach, turning the patient on 
he right side, and administering a prokinetic drug (e.g., 

etoclopramide). If this attempt fails, then the tube should 
e endoscopically or fluoroscopically placed.

Placing a jejunostomy tube during surgery is recom-
ended in patients not expected to eat soon after surgery 

i.e., those with severe trauma, major head injury, or esoph-
geal surgery). Patients fed through nasoenteric tubes who 
ill require prolonged enteral feeding (>4 weeks) should 
ave either gastrostomies or jejunostomies surgically or 
ercutaneously placed with endoscopic assistance. Percu-
aneous endoscopic gastrostomies (PEGs) are commonly 
erformed, and a modification is to place a jejunal tube 
hrough the PEG.

Parenteral nutrition is used when the enteral route 
s unable to provide or sustain sufficient caloric intake. 
lthough using the gut is preferable, situations arise in 
hich parenteral nutrition is essential. Patients with 

hort bowel syndrome require TPN after surgery and 
ven for life if their residual bowel does not undergo suf-
cient adaptation to sustain adequate oral intake. Other 
bsolute indications for TPN are small bowel obstruction, 
ctive gastrointestinal bleeding, pseudoobstruction with 
omplete intolerance to food, and high-output enteric-
utaneous fistulas (unless a feeding tube can be passed 
istal to the fistula). In partial large bowel obstruction, 
eeding a low-residue diet may not be possible. Relative 
ndications for parenteral nutrition include nonhealing, 

oderate-output, enteric-cutaneous fistulas; the need for 
owel “rest,” such as during inflammatory bowel flare-
ps and acute radiation enteritis; significant abdominal 
istention and ileus attributable to intraabdominal sep-
is; continued distention after relief of intestinal obstruc-
ion; and chylothorax unresponsive to a medium-chain 
G diet. TPN is also indicated when the enteral route can-
ot provide enough nutrition.242 In patients in the ICU, 
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the inability to provide adequate enteral nutrition occurs 
because of diarrhea, vomiting, poor stomach emptying, 
feeding tube displacement, and the interruption of feed-
ing for diagnostic tests, procedures, and surgery.243

Parenteral nutrition is administered through either 
central or peripheral venous catheters. Peripheral veins 
cannot tolerate an osmolarity of more than 750 mOsm/L 
(the equivalent of 12.5% dextrose); consequently, the 
fluid volume that can be tolerated limits the caloric 
intake. Therefore, the peripheral route is primarily used 
for supplementation or short-term feeding. Central 
venous catheters are the main route of TPN administra-
tion. The preferred entry location is the subclavian vein, 
which provides a stable site, good patient acceptability, 
and lower infection rates than either the internal jugular 
or femoral routes. To minimize insertion and infectious 
complications, a skilled clinician should insert subclavian 
catheters under sterile conditions as directed by the com-
monly used central venous lines (CVL) checklist.244 This 
checklist promotes hand washing; full-barrier precautions 
that include gown, hat, mask, and gloves; and 5% alco-
holic chlorhexidine skin preparation. Catheters should 
be inserted using ultrasound guidance.245 The catheter 
should be a single-lumen catheter used only for TPN. 
Multiple-lumen catheters and multiple-purpose single-
lumen catheters have high infection rates.246 For long-
term use, tunnelled Silastic Hickman-Broviac catheters, 
which have Dacron cuffs located at the proximal end of 
the tunnel to reduce infections, should be inserted.

FORMULATIONS

Glucose and Carbohydrates
In patients who are injured and septic, exogenous glucose 
and carbohydrates minimally reduce the rates of gluco-
neogenesis and lipolysis,247 which differs from refeeding 
starved patients when carbohydrate administration reduces 
gluconeogenesis and lipolysis. Despite the reduced glucose 
use, administering carbohydrates to patients with stressful 
illnesses is still important because some body tissues do not 
readily use other substrates. Furthermore, glucose and car-
bohydrate intakes stimulate the secretion of insulin, which 
has anabolic properties that promote protein synthesis 
and decrease lipolysis. However, hyperglycemia, even with 
aggressive insulin treatment, often limits how much glu-
cose and carbohydrates can be administered. The severity 
of TPN-induced hyperglycemia is directly proportional to 
the rate of glucose infusion and the degree of injury. Older 
adults are more predisposed to hyperglycemia.

It is important to recognize that patients often receive 
carbohydrates that are frequently administered from 
sources other than the glucose in TPN or carbohydrates 
in enteral nutrition. Patients usually receive 5% dextrose 
infusions (170 kcal/L), whereas intravenous lipid emul-
sions contain at least 22 g/L glycerol, which enters the 
gluconeogenic pathway. Overfeeding glucose (>4 mg/
kg/min) to patients with acutely stressful illnesses and 
receiving a total caloric intake greater than the REE results 
in a thermogenic response, further elevation of blood glu-
cose concentrations, and production of additional CO2. 
This added CO2 must be excreted by the lungs and, if 
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insufficiently excreted, can lead to elevated partial arte-
rial pressure of CO2 (Paco2).

In patients who are critically ill, the rate and extent 
of enteral glucose absorption are reduced. Among the 
reasons for this reduction are delayed gastric emptying 
and reduced small intestinal absorption.248,249 Delaying 
enteral feeding for 4 days after ICU admission impairs 
intestinal glucose absorption, as compared with starting 
enteral nutrition within 24 hours of admission,250 which 
is another reason to begin enteral nutrition as soon as 
possible after ICU admission.

Lipids
Intravenous lipid is usually administered as a long-chain 
TG (LCT) emulsion.251 These emulsions contain soybean 
oil and an emulsifier (egg phospholipid) and are calorically 
dense (e.g., 10% and 20% solutions contain 1.0 and 2.0 
kcal/mL, respectively). Once infused, the lipid emulsion 
is converted to both TG-rich particles with sizes similar 
to that of chylomicrons and phospholipid-rich particles 
produced from emulsifiers called liposomes. The chylomi-
cron-like particles are hydrolyzed by lipoprotein lipase to 
fatty acids and glycerol. The liposomes stimulate choles-
terogenesis, incorporate cholesterol, and accumulate in 
the blood as the long-lived abnormal lipoprotein-X.252 To 
minimize liposome formation, lipid emulsions should be 
slowly administered. Lipid emulsions are also the vehicle 
for many lipid-soluble drugs such as propofol, amphoteri-
cin B, and etomidate. Therefore, propofol infusions for 
sedation can provide significant amounts of lipid calories, 
which should be included when calculating caloric intake.

Exogenous fat is required to prevent essential FFA defi-
ciency; therefore, patients receiving TPN should receive 
lipid emulsion (500 mL of a 10% LCT emulsion) at a min-
imum two to three times a week. Lipid emulsion is also 
used for energy because lipid oxidation is the predomi-
nant energy-producing pathway during stress. Fat emul-
sions are well oxidized when administered to patients 
with sepsis and trauma, even when glucose is provided. 
Patients with chronic hepatic failure suffering from sep-
sis and multiple organ dysfunction efficiently metabolize 
intravenous lipid emulsions. The current practice is to 
consider lipid emulsions as energy substrates and admin-
ister them as 30% to 40% of total TPN calories.

LCT lipid emulsions might have immunosuppressive 
effects. Ex vivo studies showed decreased neutrophil bac-
terial killing, depressed monokine expression, and other 
immune-depressant effects. A study of patients with 
trauma attributed increased infections to the administra-
tion of lipid emulsions, whereas a meta-analysis did not 
find LCT lipid emulsions to be detrimental to immune 
function.253 Furthermore, healthy volunteers exposed to 
endotoxin showed an enhanced inflammatory response 
(increased IL-6 and TNF-α) when infused with a soybean-
derived lipid emulsion.254

Soybean-derived LCT emulsions traditionally used for 
TPN have high proportions of omega-6, polyunsaturated 
fatty acids, specifically linoleic acid (53%). Linoleic acid 
is the precursor of thromboxane A2 and prostaglandin 
E1, which cause platelet aggregation and inflammation. 
Alternatively, fish oils containing omega-3 fatty acids 
(e.g., eicosapentaenoic and linolenic acids) are precur-
sors of different prostaglandins (e.g., thromboxane A3), 
hich have less platelet aggregating activity and cause 
ess inflammation. Platelets from patients infused for 7 
ays after surgery with fish oil–enriched lipid emulsions 
ggregated less than those of patients administered non-
nriched emulsions.255 A meta-analysis showed that fish 
il–supplemented TPN reduced hospital and ICU lengths 
f stay and reduced postoperative infections but did not 
ffect mortality.162 Postoperative oral eicosapentaenoic 
cid improved lymphocyte proliferation and NK cell 
ctivity. Enteral nutrition regimens enriched with eicos-
pentaenoic acid and γ-linolenic acid promote the pro-
uction of antiinflammatory prostaglandin E1 and were 
sed in the acute respiratory distress syndrome to reduce 
ulmonary microvascular permeability and to decrease 
rostaglandin, IL-8, and leukotriene synthesis by alveo-

ar macrophages. In studies in which these formulations 
ere given by continuous infusion, they were associ-
ted with shorter mechanical ventilation, decreased ICU 
engths of stay, and lower mortality.256,257 However, bolus 
upplementation of enteral nutrition with omega-3 fatty 
cids, γ-linolenic acid, and antioxidants failed to increase 
entilator-free days in patients with ARDS.258

To reduce the purported limitations of intravenous LCT 
mulsions, such as the production of toxic lipid peroxides, 
mmunosuppression, and heightened inflammation, there 
s increasing interest in substituting medium-chain TGs 
MCTs) or monosaturated fatty acids derived from olive-
il for some of the LCTs. MCTs do not need carnitine to 
nter the mitochondria and may be advantageous when 
arnitine is decreased, such as during sepsis. MCTs are 
ssentially an energy substrate, and it appears that they 
annot be stored. MCTs appear to have fewer immunosup-
ressive effects than LCTs and do not participate in eico-
anoid synthesis.259 Many commercial enteral formulas 
ontain both MCTs and LCTs, supposedly because MCTs 
re better absorbed. Intravenous MCT-LCT or LCT–olive 
il emulsions are not available in the United States.260

rotein and Amino Acid
mino acids and protein are essential ingredients of 
utritional support regimens. TPN contains commercially 
repared amino acid mixtures, whereas enteral formulas 
ontain free amino acids, peptides, or whole proteins. 
he purpose of administering protein or amino acids to 
atients with stressful illnesses is to decrease the break-
own of endogenous proteins by providing an alternative 
ource of amino acids for gluconeogenesis and protein 
ynthesis. Unfortunately, in the stressed state, exog-
nously administered amino acids and protein are not 
ell utilized because proteolysis is relatively unresponsive 

o the usual negative feedback mechanisms, such as the 
dministration of exogenous glucose, protein, or amino 
cids. Nitrogen balance remains negative well into the 
onvalescent stage. In children with burns, leg skeletal 
uscle protein deposition is unresponsive to amino acid 

nfusion 6 months and up to a year after injury.261,261a 
n the catabolic state, protein–amino acid intake of 1.2 
o 1.5 g/kg/day is recommended. Higher amounts do not 
romote further nitrogen retention and are metabolized 
o urea; consequently, the blood urea nitrogen may rise. 
ituations with large external losses of protein, such as 
xtensive burns and large draining abscesses, make it nec-
ssary to increase protein–amino acid intake. Adequate 



nonprotein calories (e.g., glucose, fat) must be concomi-
tantly administered to ensure that the protein–amino 
acids are not used as an energy source.

The inability of protein–amino acids to attenuate 
nitrogen losses significantly led investigators to explore 
ways of decreasing proteolysis and increasing protein syn-
thesis. One attempt was to use branched-chain–enriched 
amino acid solutions as a component of TPN, which 
resulted in some improvement in nitrogen balance262 but 
no improvements in outcome. Some enteral nutrition for-
mulas for highly stressed patients are so enriched.263 The 
use of anabolic substances, such as IGF-1 plus IGFBP-3 
and anabolic steroids to reduce protein oxidation and 
improve protein synthesis is still in the investigative 
stages.264 Another anabolic substance is insulin, which 
at lower doses decreases protein breakdown by inhibit-
ing the major catabolic pathway—the ATP-ubiquitin pro-
teasome proteolytic pathway265; it also stimulates protein 
synthesis at higher doses.264 Administering small doses of 
insulin to patients with burns increased skeletal muscle 
protein synthesis and improved wound matrix forma-
tion. However, the anabolic effects of insulin on protein 
metabolism were not observed in patients with trauma 
who were enterally fed. Therefore, the route of nutrient 
intake may play a role in insulin’s anabolic effects.

Amino acids are the precursors of many endogenous 
substances. Therefore, by manipulating the proportion 
of the various amino acids in TPN and enteral nutri-
tion formulations, it might be possible to influence the 
metabolic milieu.267 Glutamine is the most abundant 
free amino acid in blood and skeletal muscle and is a pri-
mary fuel for rapidly dividing cells such as enterocytes 
and immunocytes and a precursor of purines, pyrimi-
dines, and nucleotides. It is primarily synthesized in skel-
etal muscle and is involved in the interorgan transport 
of nitrogen. Plasma glutamine concentrations decrease 
during severe stress, probably secondary to decreased 
glutamine synthesis, providing a possible explanation 
why alanine is the major interorgan nitrogen transporter. 
Animal studies show that glutamine likely becomes an 
essential amino acid during catabolic illness when de novo 
synthesis is insufficient. These studies also show that par-
enteral and enteral glutamine-supplemented nutrition 
may prevent gut bacterial translocation, induce neutro-
philic phagocytic activity, reduce neutrophil apoptosis, 
maintain gut integrity, and increase concentrations of 
the antioxidant glutathione. A meta-analysis of paren-
teral glutamine supplemented TPN in surgical patients 
concluded that it shortened hospital lengths of stay and 
reduced the morbidity of postoperative infections.268 A 
placebo-controlled randomized study among critically 
ill patients who received glutamine supplements starting 
within 24 hours after ICU admission showed increased 
in-hospital and 60-day mortality in patients with multi-
organ failure.268a Therefore, glutamine supplementation 
is not recommended in such patients. Others for whom 
supplementation may be indicated include patients with 
burns, patients who are critically ill, recipients of hemato-
poietic transplants, and those with acute pancreatitis.172a 
Glutamine is rather insoluble and has limited stabil-
ity in aqueous solution. Therefore, it is administered as 
an alanine-glutamine dipeptide when infused intrave-
nously. The amino acid arginine has also been added to 
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nutritional support. In patients with trauma, it stimulates 
immune cells to reduce NO production, whereas during 
sepsis it increases NO production. Therefore, arginine 
supplementation must be used in situations where it does 
not exacerbate the underlying illness.

Nutritional regimens require many ingredients (Table 
106-3; also see Table 106-2). Choosing the route of 
administration is the key decision, because the type and 
composition of the formula are wholly dependent on the 
route. With the parenteral route, protein intake is limited 
to commercial mixtures of amino acids, carbohydrate 
to glucose, and lipids to the available emulsions. With 
enteral nutrition, more options are available because a 
variety of commercial formulas exist. Supplementing 
enteral formulas with modular protein, lipid, and carbo-
hydrate products is possible. Either measuring REE using 
indirect calorimetry or estimating requirements may 
determine caloric intake (see Table 106-2).

COMPLICATIONS

Complications of nutritional support can result from prob-
lems with the delivery system or the nutrition itself. Mor-
bidity related to the delivery system or the nutrients occurs 
more often with enteral nutrition than with parenteral 
nutrition. However, infectious complications are more fre-
quent with parenteral nutrition (also see Chapters 101 and 
102). Guidelines are available to guide safe compounding 
and administration of parenteral nutrition.268b,268c

Complications of central venous catheterization occur 
with parenteral nutrition. These complications include 
pneumothorax, secondary to subclavian or internal jugu-
lar vein catheterization. The pneumothorax rate for subcla-
vian catheterization is 1% to 5% but is lower if performed 
by an experienced clinician. Other complications include 
hemorrhage-causing hemothorax, brachial plexus injury, 
and catheter misplacement in the azygos vein, right ven-
tricle, or retrograde into the jugular vein. Central venous 
catheters (PICCs) that are peripherally inserted, such as via 
an arm vein, have the advantage of avoiding pneumotho-
races but are more difficult to place and have a higher inci-
dence of poor position, upper extremity thrombosis, and 
skin site irritation. Catheter tips should be above the left 
atrium and confirmed by chest radiography before starting 
nutrition. Peripheral venous access, whether via a short 
peripheral venous catheter or a PICC line, can result in 
thrombophlebitis. With short catheters, the osmolarity of 
the solution must be limited to less than 750 mOsm/L to 
prevent phlebitis. To further prevent phlebitis, some cli-
nicians add heparin and hydrocortisone to the solution, 
whereas others place a nitroglycerin patch over the cath-
eter site. It is imperative that peripheral parenteral nutri-
tion catheter sites be regularly inspected and catheters 
changed when evidence of phlebitis develops.

Catheter-related infections are the major venous access 
complication encountered with TPN. Microbial coloniza-
tion and bacteremia result from the interaction of four 
factors: (1) hydrophobicity and exopolysaccharide pro-
duction of the microbe, (2) amount of fibrin and fibronec-
tin attached to the catheter surface, (3) catheter material 
(e.g., hydrophobicity, surface charge, thrombogenicity), 
and (4) iatrogenic factors such as sterile technique and 
immunocompetence. Infections are uncommon during 
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TABLE 106-3 CONSIDERATIONS WHEN DESIGNING NUTRITIONAL SUPPORT REGIMENS

Considerations Requirements Issues

Route of 
administration

Evaluate enteral vs. parenteral, or use both.

Caloric 
requirements

Measure REE with indirect calorimetry.
Estimate REE with established equations.
Use a weight-based formula.

See Table 106-2.

Protein–amino 
acids

Evaluate degree of stress; measure nitrogen balance.
Parenteral nutrition: Use amino acid solutions.
Enteral nutrition: Use standard or high-protein formulas; evaluate amino  
acids (elemental diet) vs. peptides vs. protein hydrolysates.
If protein losses are excessive, then increased protein intake is needed.

Unstressed patients: 0.8-1.2 g/kg/
day protein

Stressed patients: 1.0-1.5 g/kg/day 
protein

Calorie/protein 
ratio

Is expressed as calorie/nitrogen ratio. Standard formulas: 130-170:1
Stress formulas: 125-100:1

Carbohydrates Parenteral nutrition: Glucose is the only available nutrient.
Enteral nutrition: Oligosaccharides and starches are used.

Glucose intake not to exceed 4 mg/
kg/min during stress.

Lipids Parenteral nutrition: LCT emulsions; emulsions containing MCTs, olive oil, 
 fish oils (omega-3–fatty acids) are available in some countries.
Enteral formulas: Contain LCT or LCT/MCT emulsions; some are enriched  
with omega-3–fatty acids.

Lipids/
carbohydrate 
ratio

Parenteral nutrition: C:H:O ratio in lipids: 30:70-60:40.
Enteral nutrition: Depends on the formula; calorie-dense formulas  
(1.5-2.0 kcal/ml) have higher fat ratios.

Electrolytes Parenteral nutrition: Contains sodium (NaCl, Na acetate); potassium (KCl, 
K acetate); phosphate (KPO4, NaPO4); magnesium (MgSO4), calcium 
(Ca-gluconate).
Enteral nutrition: Per formulation; may add electrolytes, if needed.

Potassium (K): 1-1.2 mEq/kg
Magnesium (Mg): 8-20 mEq/day
Calcium (Ca): 10-15 mEq/day
Phosphate (PO4): 20-30 mmol/day

Trace elements Parenteral nutrition: Contains copper, molybdenum, selenium, zinc,  
manganese, chromium.
Enteral nutrition: Also contains iron and iodine.

Vitamins Parenteral nutrition: Commercial multivitamin preparations  
contain all vitamins; some do not include vitamin K.
Enteral nutrition: Contains all vitamins including vitamin K; the volume  
of the formula that provides the recommended daily requirements  
depends on the formula.
Fat-soluble vitamins: Contain A, D, E, and K.
Water-soluble vitamins: Contain B1 (thiamine), B2 (riboflavin), B3 (niacin),  
B5 (pantothenic acid), B6 (pyridoxine), folate, B12, and C.

Need to monitor PT (INR) weekly 
and administer vitamin K, if 
indicated.

Vitamin C requirement is increased 
for wound repair.

Water Parenteral nutrition: Dilute vs. concentrated formulas are evaluated.
Enteral nutrition: Standard (1.06 kcal/ml) vs. caloric-dense (2.0 kcal/ml)  
formulas are evaluated.

Dilute formulas are used for 
peripheral vein administration.

Concentrated formulas are used for 
fluid restriction or high caloric 
intake formulas.

Disease-specific 
considerations

Renal failure
Hepatic failure
Pulmonary disease
Burns
Diabetes
Congestive heart failure

See “Special Considerations” section 
in the text.

See “Special Considerations” section 
in the text.

Reduce absolute carbohydrate 
intake, substitute lipid for 
carbohydrates with high total 
caloric intake.

See “Special Considerations” section 
in the text.

Control blood glucose, monitor 
serum triglyceride levels.

Use concentrated formulas, low 
sodium intake.

C:H:O, Carbon-to-hydrogen-to-oxygen; INR, international normalized ratio; KCl, potassium chloride; KPO4, potassium phosphate; LCT, long-chain  
triglyceride; MCT, medium-chain triglyceride; MgSO4, magnesium sulfate; NaCl, sodium chloride; NaPO4, sodium phosphate; PT, prothrombin time; 
REE, resting energy expenditure.



the first 72 hours after insertion but then increase in inci-
dence. The incidence of central venous catheter–related 
bloodstream infections ranges from 0.3 to 30 per 1000 
catheter days and are most often caused by Staphylococ-
cus epidermidis, Staphylococcus aureus, or Candida species, 
although gram-negative bacteria are being increasingly 
observed.270,271 Mortality attributed to catheter-related 
infections is as high as 25%. A major part of TPN care is 
aimed at reducing infections. Therefore, solutions are pre-
pared under laminar flow hoods. Once they are prepared, 
nothing may be added to the solution, and they must 
be refrigerated until use. Any manipulation of the cath-
eter or line must be performed using sterile procedures, 
manipulation of the line should be kept to a minimum, 
and the site must be regularly examined for signs of ery-
thema and infection.

Inserting nasoenteric tubes for enteral nutrition can 
result in complications because such tubes can enter the 
pulmonary airways, coil and knot in the stomach, and 
fail to enter the stomach and thus remain in the esopha-
gus. Therefore, confirming the feeding tube location with 
chest and/or abdominal radiographs before starting the 
feeding is vital. Nasoenteric tubes can be withdrawn into 
the stomach (in case of jejunal feeding) or the esopha-
gus, increasing the risk for aspiration. Nasojejunal tubes 
dislodged in one third of patients after panceaticoduode-
nenctomy.272 Such tube misplacement occurs because of 
patients pulling on the tube and during suctioning of the 
mouth. Therefore, the tube should be securely fastened 
to the nose; if any dislodgment is suspected, a radiograph 
should be obtained. The major problem with enteral 
nutrition is frequent decreases or discontinuations of the 
intake, which prevent administering all the daily caloric 
requirements. These decreases and discontinuations 
have been ascribed to high gastric residuals, mechanical 
problems with the feeding tubes (e.g., dislodgment into 
the esophagus and obstruction), medical or surgical pro-
cedures, sepsis, and vomiting. As many as one third of 
patients receiving enteral nutrition are unable to achieve 
a target intake of 25 kcal/kg/day. Therefore, close moni-
toring of the actual enteral nutrition intake is important 
to ensure that measures can be taken to ensure adequate 
caloric intake. These measures include establishing more 
secure access to obviate or prevent tube dislodgment (e.g., 
placing a PEG) and placing the tube tip distal to the liga-
ment of Treitz to avoid gastric residuals. In patients in 
whom the enteral intake remains inadequate, supple-
menting with parenteral nutrients should be consid-
ered.273 A cumulative caloric debt may occur in patients 
not fed early and adequately. Therefore, monitoring 
caloric intake and attempting to avoid caloric deficits are 
important.

In general, surgically placed needle jejunostomies pro-
vide safe and effective access for postoperative enteral 
feeding. However, complications may occur, includ-
ing tube dislodgment, local cellulitis, and obstruction. 
Obstruction can be avoided by frequent flushing and lim-
iting the viscosity of the feeds. Major complications were 
observed in 4% of 220 patients with trauma who had 
jejunostomies placed during laparotomies. These compli-
cations included small bowel perforations, small bowel 
volvuli with infarction, intraperitoneal leaks, and small 
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bowel necrosis.274,275 Small bowel necrosis has a mortality 
rate approaching 100%.276 These complications occurred 
more often with larger diameter tubes than needle jejunos-
tomies.274 Others have reported intraabdominal and sub-
cutaneous abscesses and small bowel obstruction. Other 
complications include catheters breaking, especially at 
the hub, and jejunocutaneous fistulas on removal.

Metabolic Complications
Nutritional support should be slowly initiated and 
increased only if the patient tolerates the feeding. Because 
metabolic complications of nutritional support fre-
quently occur, monitoring electrolytes and glucose daily 
in patients who are acutely ill, particularly when start-
ing the nutrition, is important. If necessary, adjustments 
should be made in the formulation. Hyperglycemia is 
a common problem, especially with severe stress, ste-
roid use, and diabetes mellitus requiring treatment with 
insulin. Administering insulin is preferable over reduc-
ing the glucose intake unless hyperglycemia is excessive 
(>250 mg/dL), despite high insulin doses. Insulin treat-
ment can reduce serum potassium and phosphate con-
centrations, which require repletion. Importantly, as the 
stress response abates, the degree of glucose intolerance 
lessens and insulin requirements drop. Therefore, closely 
monitoring blood glucose to prevent hypoglycemia is 
imperative.

Hypoglycemia can occur on the abrupt discontinuation 
of continuous feedings containing significant amounts of 
carbohydrate. Continuous feedings result in high blood 
insulin concentrations so that hypoglycemia intervenes 
when the carbohydrate intake stops. Therefore, when 
stopping continuous parenteral and enteral nutrition, 
any concomitant insulin infusion must be stopped, intra-
venous glucose should be infused, and blood glucose fre-
quently monitored. The practice of using TPN solutions 
containing lower glucose:lipid ratios (70:30 to 50:50) has 
reduced the incidence of hypoglycemia after abrupt dis-
continuation. TPN should be continued during surgery, 
whereas enteral nutrition should be discontinued 8 hours 
before surgery and a glucose infusion begun to prevent 
hypoglycemia.

Refeeding
Refeeding patients who are nutritionally depleted (≥10% 
loss of body weight over ≤6 months) must be carefully 
done to avoid overloading a metabolic system that has 
adapted to minimal or no food intake.277 Feeding such 
patients must begin with balanced diets of carbohy-
drates, fats, and proteins at intakes below REE. The intake 
should be increased stepwise over 7 to 10 days. Intake 
must be monitored to prevent overindulgence because 
these patients may be hyperphagic. Patients must be 
monitored for signs of fluid overload, pulmonary edema, 
and electrolyte disturbances. Electrocardiographic (ECG) 
changes should be followed for prolongation of the QT 
interval, which can be a harbinger of torsades de pointes. 
Hypophosphatemia occurs when tissues begin to rebuild 
and is especially problematic if the phosphate intake is 
inadequate, known as the refeeding syndrome. Hypophos-
phatemia may lead to major muscle (including respira-
tory muscle) weakness and glucose intolerance because 
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phosphate is a vital component of tissue membranes, 
enzymes, and nucleosides, especially ATP. Concurrent 
hypomagnesemia, hypocalcemia, and hypokalemia may 
exacerbate muscle weakness. Of 62 patients who had not 
received nutritional intake for at least 48 hours after ICU 
admission, 34% developed hypophosphatemia (serum 
levels <0.65 mmol/L or a drop of 0.16 mmol/L) on refeed-
ing. Chronic alcoholics are especially prone to hypophos-
phatemia. Hypophosphatemia occurs more commonly 
after enteral than parenteral nutrition.278

Nitrogen balance may take time to turn positive because 
protein intake needs to be gradually increased and gluco-
neogenesis needs to continue for some time after refeed-
ing begins. Generally, individuals who are nutritionally 
depleted efficiently replete fat and glycogen stores and 
rebuild muscle tissue. To rebuild muscles requires exer-
cise; therefore, rebuilding the muscles of patients who are 
bedridden or immobile is virtually impossible.

Overfeeding
Overfeeding patients with stressful illnesses has many 
consequences (Box 106-2).230,279-281

Gastrointestinal System Complications
Hepatobiliary complications often occur during paren-
teral nutrition. Factors associated with their development 
include underlying diseases and their severity, intercur-
rent sepsis, and drugs. The role of TPN may be additive, 
if not primary. Large glucose loads (>4 mg/kg/min) can 
result in hepatic steatosis and steatohepatitis with portal 
triaditis on biopsy. The latter is accompanied by elevated 
γ-glutamyl transpeptidase, alanine aminotransferase, 
aspartate aminotransferase, and alkaline phosphatase. 
Intrahepatic cholestasis with elevated alkaline phospha-
tase and bilirubin can occur 3 to 6 weeks after beginning 
TPN. Large omega-6 polyunsaturated lipid loads (≥2 g/
day) administered for prolonged periods may also cause 
cholestasis.282 Fish oil–based omega-3 polyunsaturated 
lipids appear to reverse this problem.283

Gastrointestinal tract dysfunction frequently occurs 
with enteral nutrition. Approximately 50% of patients 
who are mechanically ventilated have delayed gastric 
emptying. The magnitude of gastric residual volumes 
are correlated with disease severity in patients in medi-
cal ICUs.284 Consequently, feeds are usually continuously 
administered, and gastric residual volume is measured at 
frequent intervals.285 Compared with feeding into the 
small intestines, intragastric feeding results in more fre-
quent gastric residuals, vomiting, and regurgitation. In a 
multicenter prospective study of 400 patients in the ICU 
who were fed primarily via nasogastric tubes, gastroin-
testinal complications occurred in 62.8% and were due 
to diarrhea (14.7%), constipation (15.7%), large gastric 
residuals (39%), abdominal distention (13.2%), vomit-
ing (12.2%), and regurgitation (5.5%). Enteral nutrition 
was withdrawn in 15% of patients because of gastroin-
testinal complications.276 In the presence of gastroparesis 
and large volume (150 to 220 mL) residuals, prokinetic 
agents should be considered. Individual studies showed 
that intravenous erythromycin is more effective than 
metoclopramide (improvement in 87% versus 62% of 
patients), but their effectiveness declined over time.286 
Rescue therapy using both drugs was effective.285,287 To 
decrease pulmonary aspiration, patients should be fed 
in the semirecumbent position, and promotility agents 
should be used if residual gastric volumes are high. 
Whether postpyloric feeding reduces aspiration is yet 
unclear.229 With enteral nutrition, being aware that drug-
nutrient interactions can occur is important.

Diarrhea is a particularly unpleasant complication of 
enteral nutrition for both the patient and staff with its 
incidence, depending on its definition, ranging from 2% to 
53% of patients and 38% of feeding days. The definition of 
diarrhea used is important because many enteral products 
are low residual: that is, they do not contain fiber and may 
not cause formed stools. Formula-related causes of diarrhea 

Caloric intake: Substrate in excess of energy needs and  
synthetic function
>1.5-1.7 REE in patients with stressful illnesses

 •  Increased fat storage
 •  CO2 production, urea production, and thermogenic effects

Carbohydrates: >4.5 mg/kg/min

Lungs
Increased CO2 production leads to increased V̇E , which may 

cause breathlessness.
If increases in V̇E  are insufficient, then Paco2 increases.

Liver
Fatty liver: Hepatomegally increases AST, ALT, and alkaline 

phosphatase.
Hyperglycemia: May lead to osmotic diuresis and prerenal 

azotemia.
Exacerbation of peripheral insulin resistance: Reduces insulin 

sensitivity and increases oxidative stress.
Increased intracellular potassium: Decreases serum potassium.
Increased intracellular phosphate: Decreases serum phosphate.
Increased REE: Is due to increased thermogenesis caused by 

increased catecholamine secretions.

Lipids: >2g/kg/day

Liver: Cholestasis, fatty liver
Congestion of RES with fat increases.
Serum triglyceride levels increase.

Protein: >2g/kg/day

Kidneys
Ureagenesis is increased.
BUN increases with decreased renal function.
With normal renal function, diuresis may occur as a result 

of increased BUN secretion, which may lead to prerenal 
azotemia.

Lungs
Protein–amino acids increase respiratory drive and might cause 

breathlessness.

Fluid intake: Excessive fluid intake may lead to fluid overload 
and is especially problematic with reduced cardiac or renal  
function.

Infection: Bloodstream infections are increased.

BOX 106-2 Consequences of Overfeeding in 
Parenteral and Enteral Nutrition

AST, Aspartate aminotransferase; ALT, alanine aminotransferase; BUN, blood 
urea nitrogen; CO2, carbon dioxide; Paco2, partial arterial pressure of 
carbon dioxide; REE, resting energy expenditure; RES, reticuloendothelial 
system; V̇E , minute ventilation.



include hyperosmolar feedings, too rapid administration, 
and contamination of feedings with toxigenic or patho-
genic organisms. Therefore, feeds should be sterile and not 
allowed to hang in the bag for longer than 8 to 12 hours.288 
Non–formula-related causes include concomitant admin-
istration of drugs constituted in sorbitol elixirs, mannitol, 
or polyethylene glycol; Clostridium difficile enterocolitis; 
intraabdominal infection; receipt of broad-spectrum anti-
biotics; and hypoalbuminemia. Hypoalbuminemia-asso-
ciated diarrhea has been attributed to small bowel wall 
edema, leading to malabsorption. Yet, using elemental 
and peptide diets has achieved diarrhea-free feedings in 
patients with hypoalbuminemia. Fiber-containing formu-
lations might reduce diarrhea but not consistently.289 Most 
enteral formulas are lactose and gluten free, eliminating 
lactose and gluten intolerances as problems. In patients 
without infectious diarrhea, pectin and antimotility drugs 
may reduce the diarrhea. However, such patients must be 
monitored for the development of constipation. Hepato-
biliary complications of enteral nutrition are rare (<5%).

SPECIAL CONSIDERATIONS

BURNS

Patients with burns present special problems because  
of their extremely high energy expenditures, transcutane-
ous losses of protein, and great fluid requirements (also 
see Chapter 59). If patients are unable to eat, then enteral 
nutrition is the preferred modality. A number of trials indi-
cate that enteral nutrition started within a few hours of 
admission reduces the magnitude of the stress response to 
burns. Therefore, beginning nutrition early, that is, within 
fewer than 16 hours of admission, is common practice 
with significant burns (>20%). However, insufficient evi-
dence on systemic review shows an advantage of early ver-
sus late enteral nutrition or that enteral nutrition reduces 
the stress response.290 To ensure successful administration 
of many calories of a high protein diet, nasoenteric feeding 
tubes should be placed into the jejunum. Caloric intake 
must be closely monitored in patients with burns. If inad-
equate calories are being ingested, then supplementation 
is needed. In patients who are eating, supplementation 
may be in the form of nutritional supplements ingested 
between meals. In patients who are enterally fed, supple-
mentation can be provided with parenteral nutrition. 
Furthermore, burn patients have elevated protein require-
ments and increased vitamin and trace element needs.290a

HEPATIC DYSFUNCTION

Hepatic dysfunction, especially cirrhosis with intercur-
rent acute illness, presents a complex metabolic scenario 
(see Chapters 73 and 74). As many as 90% of patients with 
decompensated cirrhosis suffer weight loss, muscle wast-
ing secondary to anorexia, large protein loses into asci-
tes, poor oral intake because of unpalatable low-salt and 
low-protein diets, and hypermetabolism.291 They have 
hyperinsulinemia, insulin resistance, accelerated gluco-
neogenesis, increased lipid oxidation, fat malabsorption 
attributable to decreased bile salts, and possibly, reduced 
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glycogenesis.292 Essential fatty acid, magnesium, zinc, and 
selenium deficiencies also occur. After liver transplanta-
tion, glucose clearance improves, owing to the correction 
of the hyperinsulinemia and insulin resistance. However, 
patients receiving corticosteroids as immunosuppressive 
therapy continue having abnormal glucose metabolism.

As a result of their depleted state, patients with cirrho-
sis appear to be candidates for nutritional repletion. Yet, 
because of their poor prognosis, especially when compli-
cated by serious illness, enteral nutritional support of hos-
pitalized patients who are seriously ill with cirrhosis was 
associated with reduced survival. A Cochrane Review did 
not reveal compelling evidence to routinely use paren-
teral or enteral nutrition or oral supplements in patients 
with liver disease.293 However, the success of liver trans-
plantation renewed interest in nutritionally supporting 
transplant candidates. These patients require fluid and 
sodium restriction and diuretic agents to control their 
fluid overload. They need increased protein–amino acid 
intakes (1.2 to 1.5 g/kg/day) because of increased protein 
synthetic rates and to replace the losses caused by ascites 
formation. Furthermore, they require a caloric intake to 
account for hypermetabolism (25 to 40 kcal/day).294 Some 
patients with cirrhosis develop hepatic encephalopathy. 
When encephalopathic, current recommendations are 
not to reduce protein intake but to provide an intake of 
1.0 to 1.2 g/kg/day plus lactulose and/or neomycin.295 In 
persistent encephalopathy, branched-chain amino acid–
enriched solutions and feedings should be considered. 
In cirrhosis, the plasma concentrations of these amino 
acids are low. When intravenously administered, they are 
thought to counter the effects of intracerebral aromatic 
amino acids, which are involved in hepatic encephalopa-
thy.296 Furthermore, they are not metabolized in the liver 
and are available for protein synthesis. A Cochrane Review 
showed a decreased rate of hepatic encephalopathy with-
out a reduction in mortality rate or adverse events.297

RENAL DYSFUNCTION

Preexisting chronic renal disease and newly developed 
acute renal failure present special nutritional challenges 
(see Chapters 72, 73, and 74). Acute renal failure is espe-
cially problematic in the surgical arena because of its asso-
ciation with shock and sepsis. Such patients are insulin 
resistant, catabolic, and hypermetabolic, similar to other 
patients with stressful illnesses. However, uremia exacer-
bates catabolism because it exacerbates insulin resistance, 
metabolic acidosis, and circulating proteases. The kid-
ney interconverts various amino acids and also degrades 
specific peptides; consequently, major abnormalities in 
protein–amino acid handling are also present. Cytokines 
liberated during hemodialysis may further aggravate the 
catabolic state. Patients with renal failure are intolerant of 
large fluid loads, especially when they are oliguric, cannot 
self-regulate electrolyte concentrations, and do not toler-
ate large protein–amino acid loads because of an inability 
to excrete urea. Because these patients require approxi-
mately 30 kcal/kg/day and 1.0 to 1.5 g/kg/day of protein, 
frequent dialysis is needed to remove wastes and excess 
fluid. The protein–amino acid intake may need to be 
increased because of dialysis-related loss of amino acids. 
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Essential amino acid–enriched solutions have been used 
to reduce urea production, and a Cochran Review con-
cluded that essential amino acids may shorten the overall 
duration and improve survival from acute kidney dysfunc-
tion.298 Current recommendations are to provide a com-
bination of essential and nonessential amino acids plus 
dialysis, based on the theory that normally nonessential 
amino acids may become essential in diseased states.299

Hemodialysis, continuous renal replacement therapy 
(CRRT), that is, venovenous and arteriovenous hemo-
diafiltration, and peritoneal dialysis facilitate enteral 
nutrition and parenteral nutrition by removing excess 
fluid and urea, as well as balancing electrolyte concen-
trations, thus permitting patients to receive a full com-
plement of calories and protein–amino acids. However, 
these therapies result in the loss of amino acids (10 to 
15 g/day) unrelated to amino acid intake but related to 
plasma amino acid concentrations, volume of dialysate 
effluent, and filter efficiency. The concentrations of most 
amino acids are equal in plasma and dialysate. Therefore, 
the protein–amino acid content of the nutritional sup-
port should be increased. With aggressive CRRT, patients 
required as much as 2.5 g/kg/day of protein to achieve 
positive nitrogen balance.300,301 Current protein recom-
mendations are 1.5 to 1.8 g/kg/day.302 Dialysis also results 
in losses of peptides, proteins (with peritoneal dialysis), 
and water-soluble vitamins. Therefore, some renal enteral 
nutrition formulations have added B vitamins.

Peritoneal dialysis and CRRT solutions usually con-
tain 1.5% glucose, although concentrations as high as 
4.25% are used. Up to 35% to 45% of this glucose can be 
absorbed and is a source of carbohydrate calories. With 
peritoneal dialysis, as much as 500 g/day of dextrose 
may be absorbed. Similarly, glucose-containing solutions 
used as replacement solutions during hemofiltration can 
be a source of glucose calories, in one study providing 
300 g/day of glucose. This glucose load must be consid-
ered when designing nutritional regimens and glucose-
carbohydrate contents reduced accordingly. Additionally, 
glucose concentrations need to be monitored because of 
both the profound stress state and dialysis-associated glu-
cose absorption. Insulin therapy may be needed to reduce 
the hyperglycemia. However, patients with renal failure 
may be especially sensitive to insulin. If glucose-poor 
solutions, which result in the loss of glucose, are used for 
CRRT, then glucose replacement should be incorporated 
into the nutritional support.302

Generally, nutritional regimens for patients in renal 
failure should not contain phosphate, potassium, or 
magnesium because concentrations of these electro-
lytes are already elevated. Calcium intake may need to 
be increased, whereas sodium content should be nearly 
isotonic because of an inability to regulate serum sodium 
concentrations. However, during dialysis, all the serum 
electrolytes must be closely monitored and deficiencies 
corrected as indicated.301

PANCREATITIS

Traditional treatment of acute pancreatitis and of acute 
exacerbations of chronic pancreatitis is to exclude all 
oral intakes, institute nasogastric suction, and deliver all 
nutritional support parenterally. However, contemporary 
practice is to begin enteral nutrition early (within 48 to 
72 hours) in the course of the disease. Several meta-anal-
yses showed that compared with TPN, enteral nutrition is 
associated with fewer infectious complications, less mul-
tiple organ failure, and lower mortality.303 Furthermore, 
enteral nutrition causes less hyperglycemia and lower 
insulin requirements.304 Therefore, enteral nutrition via a 
nasojejunal tube is the preferred route of nutritional sup-
port in acute pancreatitis, although feeding via nasogas-
tric tubes is noninferior. TPN should be used only when 
enteral nutrition is not tolerated.305,305a

CONCLUSIONS

On a daily basis, anesthesiologists care for patients  
who are surgically and critically ill and suffering from 
the consequences of the metabolic and inflammatory 
responses to injury and sepsis. They must often modu-
late the detrimental aspects of the response itself (e.g., 
with epidural anesthesia), modify end-organ responses  
(e.g., β-adrenergic blockade), and treat its consequences 
(e.g., blood glucose control, nutritional support) while 
retaining its beneficial (e.g., immune-enhancing) aspects. 
However, patients’ metabolic conditions are dynamic; 
consequently, interventions must be appropriate, effec-
tive, and most of all, timely. This dynamic situation 
requires tools that can rapidly assess the metabolic and 
immunologic milieu.306 This assessment involves using 
systems biology approaches incorporating genomic, tran-
scriptomic (mRNA), proteomic, and metabolomic infor-
mation to better understand the stages of this response. 
These omic techniques, with their ability to profile many 
biomarkers rapidly, differ from the current approach of 
tracking only one or two biomarkers.307,307a Genomics 
research has revealed that the secretion of cytokines and 
end-organ responses in response to activation of Toll-
like receptors during sepsis differ, depending on an indi-
vidual’s genetics.308 Similarly, gender plays a role in the 
response. For example, young girls with burns have less 
hypermetabolism and higher anabolic hormone concen-
trations than boys, whereas healthy adult women appear 
to have lower susceptibility to sepsis than men, possibly 
because of more pronounced proinflammatory innate 
immunity and a lesser decrease in norepinephrine sensi-
tivity when exposed to endotoxin.309 Therefore, the use of 
these newer techniques promises more tailored treatment.
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Extracorporeal Support Therapies
ZACCARIA RICCI • STEFANO ROMAGNOLI • CLAUDIO RONCO

K e y  P o i n t s

 •  Extracorporeal membrane oxygenation (ECMO) and renal replacement therapy 
(RRT) are two very important techniques of extracorporeal support commonly 
used for the care of patients who are critically ill: kidneys, lungs, and heart can be 
effectively substituted artificially.

 •  ECMO consists of a specific heart-lung machine that provides gas exchange for 
prolonged support of patients with severe but potentially reversible respiratory 
or cardiac failure or both. Although the term extracorporeal life support (ECLS) 
might describe the system more accurately, ECMO is actually most often used and 
universally accepted for describing all its applications.

 •  Different configurations (venovenous, venoarterial, arteriovenous) can be applied 
to patients, depending on their specific organ failure and severity (e.g., respiratory 
failure, cardiogenic shock, cardiogenic shock associated with respiratory failure).

 •  Great technologic improvements have been made during the past years in the 
manufacture of ECMO circuits, pumps, gas exchangers, and cannulas, rendering 
the systems simpler, safer, and more efficient for long-term assistance. Such 
developments have occurred as a consequence of the close integration and 
exchange of knowledge among industry, clinicians, and scientific investigators.

 •  Extracorporeal blood purification is a method for removing waste products, 
such as creatinine and urea, as well as free water from the blood when severe 
acute kidney injury (AKI) has occurred. The system to achieve blood purification 
is typically called RRT. In patients who are critically ill, RRT is commonly applied 
continuously using continuous RRT (CRRT) but also intermittent RRT.

 •  Solute removal can be achieved by dialysis through diffusion, by hemofiltration 
(convection), or by the application of both solute transport methods. Water 
removal is exclusively achieved through ultrafiltration (UF).

 •  RRT requires intimate knowledge of critical care nephrology and the clinical picture 
and symptom progression of multiorgan failure. The application of RRT should 
be decided in a timely manner by an adequately trained team. Solute removal 
for blood purification is achieved by an accurate RRT prescription, monitoring, 
and delivery. Fluid overload has to be addressed by net UF prescription and 
aggressively targeted.
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INTRODUCTION TO EXTRACORPOREAL 
SUPPORT THERAPIES: MULTIORGAN 
SUPPORT FOR THE PATIENT WHO IS 
CRITICALLY ILL

Today, patients who are critically ill keep dying from 
multiorgan dysfunction, a complex and multifacto-
rial syndrome. Mortality ranges from 50% to 90% of 
patients. Furthermore, as a result of improvements 
in surgical and pharmacologic options in the past 10 
years, patients with the most severe diseases are being 
admitted to intensive care units (ICUs). When multi-
organ failure occurs, therapeutic options are still not 
specific and mostly aim at vital function support. The 
kidneys, with their fragile and delicate systems of auto-
regulation, are almost always involved in the multi-
organ failure, and dialytic techniques are routinely 
used. Renal replacement therapy (RRT) development 
and utilization has increased to the point that today 
a multifaceted intervention directed at supporting the 
function of several organs appears feasible and rational. 
The concept of multi-organ support therapy (MOST)1 
is to treat a patient’s blood artificially, outside of the 
body, substituting heart, lungs, liver, and kidneys with 
dedicated pumps, circuits, and membranes (also see 
Chapter 101).



This chapter gives a general overview of the specific 
aspects of renal, pulmonary, and circulatory extracor-
poreal mechanical assistance for renal, respiratory, and 
cardiocirculatory failure in newborn, pediatric, and adult 
patients who are critically ill. The technical features and 
clinical applications are discussed in the following pages.

HISTORICAL NOTES

EXTRACORPOREAL MEMBRANE 
OXYGENATION

Extracorporeal membrane oxygenation (ECMO) consists 
of a specific heart-lung machine to provide gas exchange 
for prolonged support of patients with severe but poten-
tially reversible respiratory or cardiac failure or both. The 
term extracorporeal life support (ECLS) might describe the 
system more accurately because it includes venovenous 
(VV), venoarterial (VA), and arteriovenous (AV) configu-
rations, but the term ECMO is typically most often used 
and universally accepted for describing all of these operat-
ing modalities. Studies on the extracorporeal circulation 
and oxygenation of blood began many years ago. The 
first concrete attempt at extracorporeal support took place 
around 1930 when John H. Gibbon and his wife devel-
oped a roller pump device and an oxygenator with the 
help of the IBM Corporation at Jefferson Medical College 
in Philadelphia after a young female patient died of a pul-
monary embolus.2 However, the first clinical application 
of this new heart-lung machine was attempted in 1953 
when an 18-year-old patient, Cecila Bavolek, underwent 
an atrial septal defect repair. Although Gibbon’s origi-
nal heart-lung machine was cumbersome, complicated, 
and difficult to manage, it started the era of open-heart 
surgery. In 1954, C. Walton Lillehei, the “father of open 
heart surgery,” and Richard A. De Wall performed cardiac 
surgery with a bubble oxygenator.3 However, the design 
of the original oxygenators was not suitable for prolonged 
support. In 1957, Karl Kammermeyer discovered that gas 
exchange could effectively occur if a thin membrane of 
dimethylsiloxane, commonly known as silicone rubber, 
was used to separate blood and gas.4 The use of a silicone 
membrane oxygenator led to the adoption of the term 
ECMO. Baffes and colleagues in 1970 reported the use of 
extracorporeal support in 15 patients who underwent pal-
liative cardiac surgeries.5 The first application of extracor-
poreal support outside the surgical unit was reported by 
Hill and colleagues in 1972. A 24-year-old man with acute 
respiratory failure as a result of a motorcycle accident was 
supported for 75 hours in VA assistance with peripheral 
cannulation by means of a Bramson-membrane heart-
lung machine. The assistance made it possible to increase 
the oxygen tension from 38 to 75 mm Hg, reduce the peak 
airway pressure from 60 to 35 cm H2O, and reduce the 
fraction of inspired oxygen concentration (FiO2) from 1 
to 0.6, with a bypass flow of 3 to 3.6 L/min. The respira-
tory failure reversed, and the patient recovered.6 During 
the same year, Dr. Robert Bartlett, who is considered the 
father of modern extracorporeal support and who first 
used ECMO support for neonates and children, success-
fully applied ECMO for 36 hours to a 2-year-old child after 
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a Mustard procedure (total correction of transposition of 
the great vessels).7 In 1975, one of the most significant 
events in the history of modern ECMO occurred. A preg-
nant woman crossed the border separating Mexico from 
the United States, desperately hoping for a better life for 
her child. When she arrived in Orange County, California, 
her membranes ruptured and, during a complex delivery, 
the child aspirated a large quantity of meconium, devel-
oping severe pneumonia. When the oxygenation fell to 
hopeless levels, Robert Bartlett placed her in ECMO. After 
3 days of bypass, the baby whom nurses named Esperanza,  
Spanish for hope, completely recovered. The use of ECMO 
for neonatal diseases progressively evolved by improv-
ing survival from 10% (first experience) up to 75%. In 
1985, Bartlett and colleagues published a hotly debated 
prospective randomized controlled study of the use of 
ECMO to treat newborns with respiratory failure based 
on a “randomized play the winner” statistical method. In 
this adaptive randomized design that is occasionally used 
in clinical trials, if one treatment is more successful, then 
more patients are randomly assigned to that treatment.8 
A group of 12 infants were included in the study. One 
patient was randomly assigned to conventional treatment 
(the patient died); 11 patients were given ECMO (all sur-
vived).9 An important subsequent randomized controlled 
trial was performed by Dr. Pearl O’Rourke and published 
in 1989.10 By demonstrating a significantly higher sur-
vival rate in children treated with ECMO (97% versus 
60%), this study showed the superiority of extracorporeal 
assistance versus standard treatment until the scientific 
community and lay press declared that randomization 
to standard therapy without ECMO would be unethical. 
Finally, in 1996, the definitive proof of ECMO efficacy in 
the neonatal setting was published in the Lancet journal 
by UK Collaborative ECMO Trial Group.11 A total of 185 
newborn infants with severe respiratory failure (persis-
tent pulmonary hypertension attributable to meconium 
aspiration, congenital diaphragmatic hernia, isolated 
persistent fetal circulation, sepsis, and idiopathic respira-
tory distress syndrome) were enrolled in the study. The 
study demonstrated the clinical efficacy of ECMO in neo-
nates with potentially reversible respiratory insufficiency 
when performed in a well-staffed and organized neona-
tal ECMO service. The growing interest in ECMO and its 
worldwide diffusion led to the creation of an organiza-
tion with the aim of collecting data on ECMO use, com-
paring outcomes, and sharing different experiences and 
expertise. The Extracorporeal Life Support Organization 
(ELSO) was founded in 1989. In 1991 the first European 
symposium on extracorporeal lung support held in Paris 
was associated with the foundation of the European ELSO 
(Euro-ELSO). ELSO is the epicenter for the development, 
definition, and delivery of indications, guidelines, and 
recommendations in the field of ECMO assistance, not 
only for neonates but also for pediatric and adult patients. 
A case series published in the 1990s suggested the feasibil-
ity and efficacy of ECMO in pediatric respiratory failure.12 
Green and colleagues in 199613 performed a study on 41 
pediatric patients admitted to the ICU with acute respira-
tory failure. The patients were treated with conventional 
mechanical ventilation, high-frequency ventilation, or 
ECMO. The results demonstrated the superiority of ECMO 
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in improving the survival rate, especially in patients in the 
50th to 75th percentile mortality risk group. (Stratifica-
tion was based on oxygenation index [OI] and Pediatric 
Risk of Mortality score.)

In contrast to neonatal applications, the demonstra-
tion of the benefits of ECMO in adult patients has been 
slower and more difficult. The first adult trial, directed 
by Zapol and published in JAMA in 1979, demonstrated 
a very poor survival rate for patients with respiratory 
failure (90 patients from 9 centers) treated only with VA 
ECMO.14 The study was heavily criticized, primarily for 
factors including the selection of moribund patients, 
the lack of experience of the centers involved in the 
study, excessive anticoagulation (attributable to the use 
of heparin-coated circuits) leading to hemorrhagic com-
plications, and because the ECMO group did not receive 
lung-protective ventilation. Nonetheless, the results 
caused the use of ECMO for adult respiratory failure to 
be avoided for many years. A further confirmation of 
the paucity of benefit from ECMO in adults came from 
a randomized clinical trial performed by Alan H. Mor-
ris and colleagues.15 The study included 40 patients 
with acute respiratory distress syndrome (ARDS) treated 
with VA assistance (carbon dioxide [CO2] removal) or 
conventional ventilation strategy by using a computer-
ized protocol, but it did not demonstrate differences in 
outcome between groups. The study by Morris and col-
leagues was criticized because of the poor experience 
with extracorporeal assistance in some centers included 
in the data collection. From 2001 to 2006, an ambitious 
trial on safety, clinical efficacy, and cost effectiveness of 
ECMO for adults was conducted in the United Kingdom 
and published in the Lancet: the conventional ventilatory 
support versus ECMO for severe adult respiratory failure 
(CESAR) trial.16 The study evaluated a strategy of alloca-
tion to a single center (ECMO center), and the patients 
who were randomized to the control group were conven-
tionally treated at designated treatment centers. A total 
of 180 adults were randomized in a 1:1 ratio to receive 
continued conventional ventilation (n = 90) or referral to 
consideration for treatment by ECMO (n = 90). The pri-
mary endpoint, combining mortality or severe disability 
6 months after randomization, was lower for the patients 
randomized to the ECMO group (P = .03). Although bur-
dened by some critical aspects (22 patients randomized to 
ECMO treatment died before receiving ECMO, no specific 
protocol for lung-protective ventilation was applied to 
the control group), the results of the study were of great 
interest, especially because it coincided with the world-
wide pandemic H1N1 virus influenza (influenza A). The 
capacity of H1N1 infection to induce a particularly severe 
form of ARDS contributed to a renewed interest in ECMO 
assistance for adults. In fact, many ECMO centers from 
several parts of the world have published their experiences 
with treatment of pulmonary complications secondary to 
influenza A infection.17 Over the past 10 years, the use of 
ECMO in the different types of patient populations—neo-
natal, pediatric, and adult—has progressively increased. 
According to the last ELSO Registry Report/ International 
Summary, data from a total of 50,667 patients have 
been collected with a mean ECMO survival rate of 73%  
(http://www.elsonet.org/). The Extracorporeal Membrane 
Oxygenation for Severe Acute Respiratory Distress Syn-
drome (EOLIA) trial, a large multicenter trial evaluat-
ing the efficacy of ECMO in patients with severe ARDS, 
is now ongoing (EOLIA trial), and many physicians are 
eagerly awaiting the results from this large study because 
it will offer more detailed outcome data, indications, and 
contraindications for the appropriate use of ECMO.*

RENAL REPLACEMENT THERAPY

In 1977, Peter Kramer described the first continuous form 
of dialysis specifically dedicated to patients with critical 
illnesses: continuous AV hemofiltration (CAVH).18 At 
that time, RRT in the ICU was a last-chance therapy for 
patients with acute kidney injury (AKI); it was mostly 
performed with adapted machines with disparate dialytic 
protocols and was difficult to use in unstable patients 
who were critically ill. In CAVH, blood flow in the cir-
cuit was driven by the existing AV pressure gradient, 
and spontaneous ultrafiltration (UF) occurred, depend-
ing on the transmembrane pressure (TMP) gradient. The 
AV pressure gradient was dependent on the mean arte-
rial pressure of the patient and the intrinsic resistance 
of the circuit; the spontaneous UF was determined by 
the hydrostatic pressure drop inside the filter and the 
negative suction provided by the ultrafiltrate column 
from the patient level to the ground. CAVH provided a 
slow continuous fluid removal, maintaining steady sol-
ute concentrations and preventing peaks of toxic sub-
stances. CAVH was one of the first examples of artificial 
renal support applied to patients who were critically ill. 
It was capable of overcoming the problems associated 
with hypotension attributable to rapid fluid removal 
and rapid reduction of plasma osmolality, arrhythmias 
caused by electrolyte changes and intravascular volume 
shifts, and cerebral edema in patients with head inju-
ries. CAVH, however, had some serious limitations. It 
required both arterial and venous accesses, sometimes 
difficult to achieve and causing more morbidity. Sol-
ute clearance was limited by the low UF rates and the 
pure convective nature of CAVH. UF limitation is caused 
by the relatively low blood flow in the circuit and by 
the low TMP gradient in the most hemodynamically 
unstable patients. The lowest clearances were achieved 
and had the most clotting in the circuit. CAVH rarely 
exceeded 20 mL/min of clearance, hardly sufficient to 
meet the need of severely catabolic patients.

To overcome such technical limitations, new filters 
were designed with increased cross-sectional area and 
inner hollow fiber diameters that reduced unit length and 
lowered the resistance to blood flow. As a result of these 
improvements, the phenomenon of filtration pressure 
equilibrium and easy clotting caused by poorly optimized 
UF profiles was diminished, if not avoided. Another 
option explored in those days was the use of highly bio-
compatible membranes mounted on parallel plat devices. 
These filters presented lower intrinsic resistance, ensuring 
higher extracorporeal blood flows at a given AV pressure 
gradient and they were equipped with a second port in 

* http://www.clinicaltrials.gov/ct2/show/NCT01470703?term=eolia&r
ank=1. (Accessed November 18, 2013)

http://www.elsonet.org/
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the filtrate compartment, enabling the countercurrent 
dialysate flow to be programmed in the newly conceived 
continuous AV hemodiafiltration with dialysis (CAVHD) 
mode.

The logical evolution was to apply a peristaltic pump 
to the extracorporeal circuit. In the past, the use of a 
blood pump in the ICU was considered proprietary 
technology of the dialysis team (nurses and nephrology 
consultants) and a technology that required a specific 
expertise. Eventually, the knowledge of pumped systems 
began to be disseminated in the critical care world, mak-
ing VV hemofiltration a reality. The need of hardware 
evolution in CAVH was not limited to blood pumps; it 
was also extended to fluid delivery systems and UF con-
trol mechanisms, permitting the delivery of dialysate 
or replacement solutions with an acceptable degree of 
accuracy.

Another step toward continuous VV renal replace-
ment therapies was the advent of double-lumen cath-
eters that made possible the puncture of a single vein, 
thus decreasing the high rate of complications attribut-
able to the need of both venous and arterial cannulation. 
The driving force then resulted from the mechanical 
action of the roller pumps. Blood flows could finally be 
programmed and delivered with adequate precision. The 
new continuous VV therapies required negative-pressure 
measurement and alarms in the arterial line before the 
pump, as well as positive-pressure measurements and 
alarms in the venous return line. A bubble trap had to be 
inserted in this line to prevent air embolism. (A bubble 
trap was not necessary in CAVH within which the circuit 
operated at positive pressure along the entire length of 
the system). The higher blood flows induced higher fil-
tration rates and the possibility to exploit higher clear-
ances because of increased flow rates. For this reason, 
roller pumps were also applied to the dialysate or fluid 
replacement delivery section of the circuit, and external 
scales had to be frequently used to provide sufficiently 
accurate fluid balance during treatment. The benefits 
induced by the new adaptive technology were still 
counterbalanced by the gross inaccuracy of the systems 
and the limited integration between the extracorporeal 
circuit and the fluid balance devices. Safety and perfor-
mance were definitely not optimized. Blood pumps were 
often inaccurate, circuit tubing was damaged over time, 
and filtration fractions were uncontrolled because of 
pressure and flow fluctuations. Consequently, intrafilter 
hematocrit and platelet count increased beyond safe val-
ues, and filter clotting typically occurred. Accurate UF 
control is mandatory in modern RRT. Early machines 
did not have scales or pumps, and when volumetric 
pumps started to be used to drive dialysate and ultra-
filtrate in and out from the filters, inaccuracies close 
to 10% were observed, an unacceptable error rate for 
24 hour–long therapies. Furthermore, when the mem-
brane clogged and approached failure, the ultrafiltrate 
volumetric pump increased its inaccuracy because of 
the wide fluctuation in the membrane UF coefficient. 
Finally, the need of obtaining additional information 
or for performing additional functions induced physi-
cians and nurses to include in the system several other 
devices, often poorly integrated, with the final result 
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f a cumbersome “Christmas tree–like effect.” It soon 
ecame evident that an ideal extracorporeal circuit 
hould have incorporated continuous pressure measure-
ents of inlet and outlet lumens of the catheter inlet 

nd outlet of the filter and ultrafiltrate and dialysate 
orts. This information and the integration of adequate 
larms was of crucial importance to the development of 
odern machines that allow the ICU staff to maintain 

lter efficiency and circuit patency, to detect potential 
ources of clotting, and to ensure patient safety.19

ECHNICAL ASPECTS AND MODES OF 
XTRACORPOREAL SUPPORT

XTRACORPOREAL MEMBRANE 
XYGENATION

ow to Deliver Artificial Gas Exchange
he main purpose of ECMO application is to guarantee 
dequate oxygen delivery (DO2) [(DO2 = cardiac output ×  
rterial oxygen content)] and CO2 clearance in proper 
roportion to systemic needs. In fact, the overall goal of 
ardiorespiratory care is to keep DO2 at least twice oxy-
en consumption (VO2) [(VO2 = cardiac output [arterial 
enous oxygen content)]. If medical treatment is unable 
o maintain this equilibrium and/or the risk of ongo-
ng ventilator- or vasopressor-induced iatrogenic injury 
rises (i.e., the treatment required is, itself, contribut-
ng to organ failure), then ECMO may be indicated to 
rovide life support, allowing time for diagnosis and 
reatment until the cardiorespiratory system is restored.  
n general, when only respiratory assistance is required, 
he use of VV ECMO is advisable, whereas if cardiocircu-
atory support is necessary, then the VA assembly is used. 
he AV mode is a particular type of passive (pumpless) 

ung assistance primarily for decarboxylation (see later 
iscussion). Therefore ECMO can be considered a modi-
ed cardiopulmonary bypass circuit to provide short-
erm respiratory and potentially circulatory support 
o patients with cardiorespiratory failure (Fig. 107-1).  
t involves the use of mechanical devices including a 
ump, a circuit, and an artificial lung (see Fig. 107-1 
nd see later discussion). The technique is performed by 
raining venous blood and pumping it through an arti-
cial lung where CO2 is removed and oxygen is added. 
he arterialized blood is then returned into the systemic 
irculation via a vein (VV configuration) or via an artery 
VA configuration). In the VV mode, native and artificial 
ungs are in series, whereas in the VA mode, they are in 
arallel. In both configurations, the native lung can be 
otally or partially replaced, but only in the VA mode is 
he cardiocirculatory system supported. If total support 
as to be achieved, then the blood flow through the arti-
cial lung should be equivalent to the total cardiac out-
ut in both modes, requiring a system (cannulas, pump, 
ircuit, artificial lung) that drains 60 to 100 mL/kg/min. 
n the VA configuration, if venous blood is not totally 
rained (partial VA bypass), then the circulating blood 

s a mixture of two separate components: (1) blood that 
asses through the native lungs and is ejected by the 

eft ventricle into the aorta, and (2) blood oxygenated 
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Figure 107-1. Schematic representation of the extracorporeal 
membrane oxygenation (ECMO) system. Venoarterial ECMO with 
jugular-carotid approach is more common in pediatric patients.
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Figure 107-2. Schematic representation 
of venoarterial extracorporeal membrane 
oxygenation (ECMO) with femorofemoral 
approach.
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and CO2 cleared by the artificial lung and pumped into 
the aorta (usually via a femoral artery) by an artificial 
pump (Fig. 107-2). In the VV configuration (Fig. 107-3),  
the blood that passes the artificial lung is pumped into 
the venous system (right atrium) and mixes with blood 
coming from the systemic circulation. Different techni-
cal modalities can be adopted for VV modes using single 

can
sup
inf
fere
thi
int
dra
nulas with multiple lumens for drainage (inflow 
erior vena cava and inferior vena cava port) and 

usion (outflow right atrium port) or two or three dif-
nt cannulas (Fig. 107-4; and see later discussion). In 

s mode of assistance, the amount of blood pumped 
o the right ventricle (preload) is equivalent to the 
ined blood.
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Figure 107-3. Schematic represen-
tation of venovenous extracorporeal 
membrane oxygenation (ECMO) (two 
cannulas) with the femorojugular 
approach.
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Figure 107-4. Schematic representation of venovenous 
extracorporeal membrane oxygenation (ECMO) and Avalon 
cannula (detail) with single-vein venovenous approach. CO2, 
Carbon dioxide; O2, oxygen.
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Oxygen Delivery and Carbon Dioxide 
Clearance
During ECMO, oxygen delivery depends on a combina-
tion of four elements acting simultaneously:

 1.  Blood oxygenation in the artificial lung
 2.  Blood flow through the artificial lung
 3.  Blood oxygenation in the native lung
 4.  Blood flow through the native heart
  

Therefore blood oxygenation depends, in turn, on the 
technical characteristics of the membrane (e.g., geome-
try, thickness of the blood film, materials, red blood cells, 

t
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ransit time, hemoglobin concentration, inlet saturation, 
iO2), oxygen saturation in the ECMO drainage cannula 
coming from the patient), hemoglobin concentration, 
nd blood flow in the ECMO circuit. In practice, when 
lood oxygenation is almost completely dependent on 
V ECMO (e.g., in patients with severe ARDS), systemic 
artial arterial pressure of oxygen (PaO2) is never in the 
ormal range (95% to 100%) and the air-oxygen mix-

ure flow rate (FiO2 ECMO) and the blood flow through 
he artificial lung should be adjusted to obtain the most 
ppropriate PaO2 level (at least 55 mm Hg) and/or arterial 
xygen saturation of more than 88% and normal PacO2.20 
iO2 on the ventilator should be reduced to the minimal 
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value to avoid oxygen toxicity and to keep arterial satura-
tion at more than 88%. To increase partial alveolar pres-
sure of oxygen (PaO2), blood flow through the circuit 
must be increased. Moreover, when oxygenated blood 
reaches the pulmonary circulation, hypoxic vasoconstric-
tion may be reduced with a further worsening of systemic 
oxygenation.21 In some centers, circuit flow is titrated to 
achieve an arterial oxygen saturation (SaO2) greater than 
80%.21 Differently from the oxygenation issue, CO2 clear-
ance is more effective than oxygenation because of its 
greater solubility (Fick principle) and the relatively lin-
ear shape of the CO2 dissociation curve. Therefore the 
CO2 clearance can be obtained with adequate fresh gas 
through the oxygenator but only 0.5 to 1.5 L/min (10 to 
15 mL/kg/min) of blood flow through the artificial lung. 
To obtain adequate oxygenation, 50 to 60 mL/kg/min are 
usually necessary, although depending on cardiac output 
and recirculation in the circuit (see the discussion that 
follows), 80 to 100 mL/kg/min may be required. Practi-
cally, fresh gas flow can be initiated at the same rate as 
circuit blood flow and then adjusted to maintain PacO2 
in the normal range.21 As a result, the rate of fresh gas 
flow primarily determines PacO2, whereas PaO2 is strictly 
derived from blood flow rate through the artificial lung.21

During ECMO, mechanical ventilation should be set 
to minimize the risk of traumatic injury, such as ventila-
tor-induced lung injury (VILI), by maintaining the lungs 
open. An ultraprotective mechanical ventilation setting 
should be applied in all patients under ECMO assistance: 
inspiratory pressure less than 25 to 30 cm H2O, positive 
end-expiratory pressure (PEEP) 10 to 20 cm H2O (to pre-
vent alveolar collapse), rate 4 to 6 breaths per minute, 
and FiO2 as low as possible to maintain peripheral oxy-
gen saturation (SpO2) greater than 88%. In those patients 
with predicted long-term respiratory support, early tra-
cheostomy under ECMO should be considered.22

Circuit Components
Consistent technologic improvements in ECMO devices 
for circuits (heparin-coated), pumps, and oxygenators 
have occurred during the past years. The ECMO circuit 
consists of four main components: (1) tubing and can-
nulas, (2) pump, (3) gas exchanger (artificial lung), and  
(4) heat exchanger (see Fig 107-1). These parts can be com-
pleted with pressure monitoring sites, access for therapies, 
hemofiltration, RRT, and other accessories that monitor 
for blood parameters (e.g., pH, PaO2, PacO2, potassium, 
oxygen saturation, hematocrit, temperature, hemoglobin 
concentration, base excess, bicarbonate concentration). 
Circuit dimension and design may partially vary, depend-
ing on patient size, clinical purposes, and institutional 
habits and practice. In the VA mode (for lung and heart 
support), the general rules are that the circuit has to guar-
antee a blood flow rate of 100 mL/kg/ min for pediatric 
patients and 60 mL/kg/min for adult patients. While in the 
VV mode (for lung assist), the target should be 120 mL/kg/
min for neonates to 60 to 80 mL/kg/min for adults.23 If the 
clinical purpose is only CO2 removal, then the circuit may 
be set in VA, VV, or AV modes. This last configuration does 
not need an artificial pump (pumpless), because it uses the 
AV pressure gradient to generate flow through a low-resis-
tance membrane (e.g., the NovaLung Interventional Lung 
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sist [iLA] Membrane Ventilator; NovaLung Gmbh, Heil-
onn, Germany) (Fig. 107-5). A low flow (up to 1 L/min) 
rough the membrane is usually sufficient for clearance 
 approximately 3 to 6 mL/kg/min of CO2.23 The venous 
nnula (drainage side) and blood tubing are the major 
iting components for flow through the circuit. Accord-

g to the Poiseuille equation, resistance to flow depends 
 the length and radius (fourth power) of the cannula. 
erefore shorter and larger (internal diameter) cannulas 
ced into the right atrium allow a higher flow of blood 

to the circuit. For example, if 100 mm Hg pressure gradi-
t is applied to 1 m tube (diameter ⅜”), then the blood 
w will be approximately 5 L/m.23

Two types of main pumps are currently used for ECMO 
cuits: roller pumps and centrifugal pumps. Roller pumps 
re the only type used during the first few decades of 
MO support, but their popularity has recently fallen as a 
ult of improvements in centrifugal pumps. Roller pumps 
nsist of tubing located inside a curved raceway. The race-
y is placed at the travel perimeter of rollers mounted 
 the ends of rotating arms that compress the tubing, 
shing the blood ahead and producing continuous blood 
w. The output of the pump is determined by the rev-
tions per minute (rpm) of the pump and the volume 

ntained in the tubing (Fig. 107-6). The main problems 
th roller pumps are: (1) a cumbersome heavy motor is 
uired; (2) tubing can be damaged by the pump’s arms; 
 excessive negative inlet (prepump) pressure and posi-
e outlet (postpump) pressure can develop; and (4) careful 

ure 107-5. Schematic representation of the NovaLung Interven-
nal Lung Assist (iLA) Membrane Ventilator (NovaLung GmbH, Heil-
nn, Germany) pumpless arteriovenous system.
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Figure 107-6. Roller pump (left) 
and centrifugal pump (right).
monitoring is needed. At many institutions, the centrifu-
gal pumps have replaced roller pumps for routine ECMO 
assistance (see Fig 107-6). Centrifugal pumps consist of an 
impeller arranged with either vanes or a nest of smooth 
plastic cones inside a plastic holder. The impeller couples 
magnetically with a small and light motor. The impeller 
spins at 2000 to 5000 rpm, creating a constrained vortex 
that suctions blood into the pump head and propels it out 
toward the gas exchanger. The magnet inside the dispos-
able pump head creates a centrifugal force that directs 
blood forward to the outlet (i.e., a negative pressure at the 
inlet port of the pump pulls blood into the pump holder, 
creating a positive pressure at the outlet port). Problems 
with centrifugal pumps are blood stagnation and heating 
in the pump head increases the risk of thrombosis forma-
tion, cavitation (formation of cavities (i.e., air bubbles in 
the blood), and hemolysis when the inlet line is occluded. 
However, the limitation of revolutions per minute and 
new design have dramatically reduced the occurrence of 
these risks.24 Centrifugal pumps are preload and afterload 
dependent; therefore the blood flow decreases when the 
blood volume coming from the draining vein is reduced 
and when the postpump pressure increases. Recently man-
ufactured pumps for VA assistance provide pulsatile flow, 
which may be better than continuous nonpulsatile flow. 
Centrifugal pumps have several advantages over the roller 
pumps: (1) priming volumes are smaller, (2) gravity drain-
age is not required, and, (3) very importantly, they operate 
for weeks, minimizing the incidence of material damages.

Modern oxygenators have microporous membrane 
lungs, which are significantly more efficient than the 
older silicon rubber membranes. Moreover, these new 
components are easier to prime and manufacture. Plasma 
leakage (the main disadvantage of these membranes) has 
been addressed by coating the fibers with a very thin skin 
of gas-permeable membrane. This newer device is called 
a hollow-fiber oxygenator and has several advantages: (1) 
less platelet and plasma protein consumption, (2) more 
effective gas exchange, (3) lower resistance to blood flow 
(facilitating the use of centrifugal pumps), and (4) mini-
mal requirement for priming volumes.25 An air-oxygen 
mixture flow, delivered to the oxygenator, maintains the 
diffusion gradients for oxygen delivery and CO2 removal. 
Oxygen concentration (flow FiO2) has to be adjusted to 
obtain a PaO2 of at least 55 mm Hg and/or SaO2 greater 
than 88%. The gas flow rate determines the partial pres-
sure of CO2 (PcO2) in postoxygenator blood, and its rate is 
set to maintain the physiologic PacO2.

Finally, body temperature is maintained by hot water 
circulating in the heat exchanger, an effective system that 
puts the circuit and the water bath in contact. Therefore 
patients on ECMO are usually kept normothermic, and 
ECMO can be used to rewarm cold patients. An antico-
agulant has to be administered because the different bio-
materials and plastics can induce thrombosis. Bleeding 
complications remain more problematic than thrombosis, 
because current generation circuits and oxygenators are 
heparin-coated or coated with biocompatible materials. 
Heparin should be titrated to obtain an activated partial 
thromboplastin time of 40 to 55 seconds or 1.2 to 1.8 times 
normal. Alternatively, 1.5 times normal activated clotting 
time can be considered.22 Maintaining a hemoglobin (Hb) 
level of at least 7 to 15 g/dL (depending on hypoxemia 
and patient comorbidities), is considered good practice, 
but a general consensus concerning the optimal Hb con-
centration has not been reached.25 Platelet transfusion is 
considered if the platelet count goes below 75,000/mm3, 
but some centers avoid platelet administration except in 
cases of bleeding attributable to thrombocytopenia.25 In 
general, when the platelet count is greater than 100,000/
mm3 and in the absence of bleeding complications, aspi-
rin may be administered. Finally, sedatives, analgesics, 
and pain killers should be administered at the smallest 
doses, whereas neuromuscular blocking drugs are usu-
ally only used in the early phase after ECMO initiation.26 
Some patients are mobile while receiving ECMO.

Vascular Access
In this light, vascular access is a key feature of all ECMO 
types.27 In the adult setting, cannulation is usually per-
cutaneously accomplished using the Seldinger tech-
nique. The use of vascular ultrasound should always be 
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performed to better identify venous vessel access, fol-
lowing the guidewire into the vessels to the right atrium 
avoiding coiling in proximal vessels. An alternative 
approach is the surgical exposure of the vessels, which 
is more common in the pediatric department. However, 
cannulation techniques vary, depending on the type of 
support needed and the patient’s age, size, and clinical 
situation. For instance, for VA ECMO the most com-
mon approach in infants and children is the surgical 
exposure of the right jugular vein and common carotid 
artery, whereas adult patients are usually managed with 
percutaneous or surgical exposure and cannulation of 
the femoral vein and artery. In VA ECMO in adults, the 
femoral vessels are usually the first choice, and only in 
particular conditions (e.g., burns, open wounds, signifi-
cant peripheral vascular disease) has the axillary artery 
been successfully used. To limit the probability of limb 
ischemia in adults, small shunting catheters can be 
placed distally to the arterial cannula or, as an alterna-
tive, the femoral artery can be approached by anasto-
mosing a polytetrafluoroethylene (PTFE) vascular graft 
(end-to-side) to create a bidirectional flow.28 In specific 
circumstances, such as patients who have failed to wean 
from cardiopulmonary bypass (also see Chapter 67), the 
ascending aorta and right atrium can be directly can-
nulated (transthoracic approach). Two main venous 
drainage modes can be considered when VV ECMO 
assistance is planned: (1) two cannulas can be placed, 
one for drainage and one for inlet (see Fig. 107-3); or (2) 
one cannula, the Avalon cannula (see Fig. 107-4), can 
be inserted. In the first case, the most common femoral-
jugular approach is performed by a single large multi-
perforated drainage cannula inserted via a femoral vein 
into the right atrium, close to the cavoatrial junction 
(cannula size 23 to 29 French [Fr]). Then a single-stage 
catheter, as the return cannula, is inserted in the right 
internal jugular vein to the superior vena cava (21 to 
23 Fr). A supplementary cannula (in the other femoral 
vein) can be placed to increase the drainage flow. When 
the blood is pushed by the pump through the artificial 
lung, a significant increase in pressure related to high 
resistance is expected. Pressures as high as 300 mm Hg 
are considered safe, although the higher the pressure, 
the greater the risk of blood leak and membrane dam-
age. With the Avalon cannula (Avalon Laboratories, 
LLC, Rancho Dominguez, Calif), a single cannula with 
a double lumen (13 to 31 Fr) and three holes (two for 
drainage and one for reinfusion) is inserted via the right 
internal jugular vein; the Avalon tip must reach the 
inferior vena cava where the blood is drained together 
with that coming from the superior vena cava.29 After 
passing through the gas exchanger, the blood returns 
into the right atrium toward the second lumen (see Fig. 
107-4) that runs the blood to the third hole, facing the 
tricuspid valve. In this way, a single cannula is used to 
drain bi-caval blood and push it in the right ventricle 
after oxygenation, usually with minimal blood recircu-
lation. Using fluoroscopy or echocardiography, or both, 
to place the cannula is important to allow the inlet and 
outlet access to be in the correct position.30 Pressure and 
flow diagrams are used for selecting the most appropri-
ate setting according to the patient’s need.
RENAL REPLACEMENT THERAPY 
CIRCUIT: EXTRACORPOREAL MEMBRANE 
OXYGENATION FOR THE KIDNEYS

The goal of continuous RRT (CRRT) is to achieve blood
purification as close as possible to that obtained by the
native kidney. Blood is driven in a VV manner through a
semipermeable membrane to remove water and solutes
Third-generation machines used in the ICU are cur
rently designed to meet the dialysis dose requirement
and the strict safety features that are recommended in
every modern ICU.31 Modern devices generally imple
ment four to five roller pumps (blood, dialysate, rein
fusion, UF-effluent, accessory), three to four scales, and
pressure sensors (inlet, outlet, filter, effluent) to moni
tor the entire circuit conditions. These machines allow a
fluid load from 20 to 40 kg to reduce nursing workload
and to decrease downtime as a result of bag changes
In the meantime, maximal flow rates have increased up
to approximately 450 mL⁄min for blood pumps and to
approximately 8 to 10 L⁄hr for dialysate-replacemen
pumps. The effluent pumps are able to increase up to
20 to 25 L ⁄hr. Accuracy of the roller blood pumps ha
increased to achieve a wide flow rate range, keeping flow
errors below 2%. New algorithms allow an hourly update
of the net UF prescribed and delivered gap and to correc
the UF in the next hour to further reduce actual fluid
loss discrepancies. An interesting safety feature of third
generation machines is the possibility of setting a limi
of accepted UF error within a predetermined time frame
after which the session is automatically interrupted and
operator intervention is required.32 This feature seem
important in light of the possible lethal human mistake
that might occur if overriding of UF error alarms is pro
longed and uncontrolled.

CRRT machines are now designed with user-friendly
interfaces with big screens and clear alarm signals and
warnings; most importantly, monitoring circuit pressure
trends in the previous 24 hours or possibly longer and
eventually visualizing these trends in a graph are possi
ble. With these features, therapy prescription has become
flexible and safe, easily ranging from high volume to slow
low-efficiency hemodialysis to standard CRRT. Further
more, modalities can be switched during the course of a
treatment session33 to be truly tailored to patients with
rapidly changing clinical conditions or to modify CRRT
prescriptions according to circuit conditions (i.e., increas
ing the rate of predilution hemofiltration or switching to
dialysis if early signs of clotting are present).

CRRT filters are a key feature of blood purification in
patients who are critically ill. In all cases, synthetic highly
biocompatible membranes are currently used. These fil
ters are made up of groups of hollow fibers with differ
ent total surface areas (from 0.1 to over 2 m2) to mee
the needs of treatment of different-sized patients. Such
fibers have a generally high porosity (30 to 50 A°) and are
used for both diffusive and convective treatments (see the
discussion that follows). Polyacrylonitrile, polysulfone
and polymethyl methacrylate are the most used types o
membranes currently available on the market; they allow
a high UF coefficient (over 20 mL/hr/mm Hg) and high
diffusive and convective performance.



Anticoagulation
The need for anticoagulation of the CRRT circuit arises from 
the fact that the contact between blood and the tubing of 
the circuit and the membrane of the filter induces activa-
tion of the coagulation cascade. This extracorporeal activa-
tion inevitably results in filter or circuit clotting (see also 
Chapter 67). Anticoagulation strategies vary, depending on 
the prescribed RRT schedule, being a priority feature of con-
tinuous treatments, during which blood–artificial surface 
interaction is maximized. Aims of anticoagulation are to: (1) 
maintain the extracorporeal circuit and dialyzer patency, as 
well as reduce off treatment (down) time that might have a 
clinical impact in the overall RRT clearance; (2) reduce treat-
ment cost by using the fewest materials as possible; and (3) 
achieve these goals with minimal risk for the patient. This 
last concept should be the first to rule anticoagulation man-
agement—under no circumstances should the patient be at 
risk of bleeding to prolong the life of the circuit.

Circuit Set-Up Optimization and No 
Anticoagulation
Several technical features of the RRT circuit are likely to 
affect the success of any anticoagulant approach. Vascular 
access has to be of adequate size, tubing kinking should 
be avoided, blood flow rate should exceed 100 mL/min, 
pump flow fluctuations must be prevented (in modern 
machines this event is mainly attributable to circuit 
increased resistances rather than flow rate inaccuracies), 
and venous bubble trap, in which air and blood con-
tact occurs, must be accurately monitored. In this light, 
another component of circuit set-up has to be addressed: 
plasma filtration fraction should be kept as far as possi-
ble below 20% and, when possible or considered correct, 
predilutional hemofiltration should be selected. When 
set-up is perfectly optimized, anticoagulants are only a 
relatively minor component of circuit patency; in fact, 
when patients have risk factors for bleeding (prolonged 
clotting times, thrombocytopenia), RRT can be safely per-
formed without using any anticoagulant.34

Unfractionated Heparin
Unfractionated heparin (UFH) is the most commonly 
available anticoagulant. It is easy to use, and an antidote 
is available (protamine). Heparin doses might range from 
5 to 10 IU/kg/hr. In patients with limited circuit duration, 
UFH can also be used in combination with protamine 
(regional heparinization) with a 1:1 ratio (150 IU of UFH 
per milligram of protamine) and strict monitoring of acti-
vated prothrombin time (aPTT). The problems with the 
use of UFH are its relative unpredictable bioavailability, 
the necessity for antithrombin III (ATIII) levels optimiza-
tion, and the occurrence of heparin-induced thrombocy-
topenia (HIT).

Low-Molecular-Weight Heparins
Some centers have gained experience with this relatively 
new kind of anticoagulant, low-molecular-weight heparin 
(LMWH) for RRT. Prospective studies have not yet shown 
LMWH to be superior in prolonging circuit life. These mol-
ecules appear to have a better bioavailability than UFH and 
a lower incidence of HIT with a 10% increased cost.
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Prostacyclin
Prostacyclin (prostaglandin PGI2) is a potentially useful 
drug for RRT anticoagulation being a potent inhibitor of 
platelet aggregation with a short half-life. PGI2 is infused at 
a dose of 4 to 8 ng/kg/hr with or without the addition of 
low-dose UFH. Larger doses of PGI2 might induce hypoten-
sion. Some studies have demonstrated PGI2 efficacy, but its 
high cost and harmful side effects might limit the use of 
this agent to patients with short circuit duration.35

Citrate
Citrate is a form of regional anticoagulation that depends 
on the ability of citrate to chelate calcium. The chelation 
of calcium prevents clot formation. Briefly, a calcium-
free, sodium citrate–containing replacement solution or 
dialysate solution, or both, is prepared and administered 
at the appropriate rate to achieve the desired aPTT (60 
to 90 seconds). Calcium chloride is then administered 
to replace chelated-dialyzed calcium and to maintain 
normocalcemia. This approach is effective in maintain-
ing excellent filter patency and compares favorably with 
heparin. It also avoids the risk for HIT and does not 
lead to systemic anticoagulation. Relative drawbacks of 
this anticoagulation management include the risks of 
hypocalcemia, metabolic alkalosis, and the cumbersome 
replacement-dialysate fluid preparation.36,37

Other Strategies
Alternatives to the techniques previously presented are 
listed in Table 107-1.

VASCULAR ACCESS

The fundamental role played by vascular access must be 
emphasized. In fact, circuit failure is more often attrib-
utable to vascular access inadequacy than to insufficient 
anticoagulation. Thus the optimal dialysis catheter can 
save the patient from an inappropriate increase of anti-
coagulation dose. VV RRT relies on the use of a tempo-
rary double-lumen catheter. Such catheters are inserted 
in a central vein and available in different brands, shapes, 
and sizes. The site of insertion of double-lumen catheters 
implies a number of considerations such as clinician 
expertise, body habitus of the patient, and the presence of 
other intravenous catheters. The femoral vein is generally 
the first choice of vascular access; internal jugular or sub-
clavian accesses are often associated with inadequate per-
formance, and the inguinal puncture is safer and easier to 
perform in patients who are coagulopathic and critically 
ill. A valid alternative may be achieved by cannulation of 
the right internal jugular vein with the tip of the cath-
eter reaching the right atrium. Circuit blood flow rates 
with this approach can reach 300 mL/min. Catheter size 
for adult patients ranges from 12 to 14 Fr and the length 
from 16 to 25 cm; the bigger and shorter the catheter, the 
higher the level of its performance. Nonetheless, when 
the femoral vein is selected, a 20-cm long catheter has 
its tip positioned close to the inferior vena cava, allow-
ing optimal flows within the circuit. When an inadequate 
blood flow or a catheter malfunction is suspected, venous 
and arterial lumens should be flushed with saline with 
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the goal of testing resistance to injection and aspiration. 
Limb clotting of the line versus kinking attributable to the 
patient’s position must be distinguished. In the first case, 
a switching of arterial and venous limb can be attempted. 
This maneuver increases circuit recirculation, and the 
clinical consequences are negligible. In the second case, a 
heparin or urokinase lock can be tried for a few hours or, 
lastly, a catheter (guidewire) exchange can be attempted.

HOW TO DELIVER ARTIFICIAL BLOOD 
PURIFICATION: DIFFUSION VERSUS 
CONVECTION

Renal replacement consists of blood purification by semi-
permeable membranes. Blood flows into hollow fibers 
made up of porous biocompatible synthetic materials. A 
wide range of substances (water, urea, low-, middle-, and 
high-molecular-weight solutes) can be transported across 
such membranes, from the blood to the effluent side of 
the hollow fibers, by the mechanism of diffusion (solutes) 
and convection (water and solutes) (Fig. 107-7).

During diffusion, the movement of solutes depends 
on their tendency to reach the same concentration on 
each side of the membrane; the practical result is the 
passage of solutes from the compartment with the high-
est concentration to the compartment with the lowest 
concentration. Other components of the semipermeable 
membrane deeply affect diffusion—thickness and sur-
face area, temperature, and diffusion coefficient. Dialysis 
is a modality of RRT and is predominantly based on the 
principle of diffusion: a dialytic solution flows through 
the filter countercurrently to blood flow to maintain the 
highest solute gradient from inlet to outlet port. Diffu-
sion is the solute transport method that is applied during 
continuous VV hemodialysis (CVVHD) (Fig. 107-8).

During convection, the movement of solute across 
a semipermeable membrane takes place in conjunction 

TABLE 107-1 ANTICOAGULATION STRATEGIES

Drug Pro Contra

No anticoagulation High risk of 
bleeding

Relative short 
circuit life span

Unfractionated 
heparin

Routine HIT

Low-molecular-
weight heparin

Routine (alternative 
to unfractionated 
heparin)

HIT

Prostacyclin Very short circuit 
life span

Hypotension

Citrate Routine; very short 
circuit life span

Hypocalcemia

Danaparoid HIT Insufficient data 
available

Argatroban HIT Insufficient data 
available

Irudine HIT Insufficient data 
available

Nafamostat 
mesilate

HIT Insufficient data 
available

Heparin-coated 
circuits

Routine Insufficient data 
available

HIT, Heparin-induced thrombocytopenia.
Diffusion Convection

Figure 107-7. Diffusion and convection are schematically represented. 
During diffusion, solute flux (Jx) is a function of solute concentration 
gradient (dc) between the two sides of the semipermeable membrane, 
temperature (T), diffusivity coefficient (D), membrane thickness (dx), 
and surface area (A) according to the following equation:

 Jx = D × T × A (dc/dx) 

Instead, convective flux of solutes (Jf) requires a pressure gradient 
between the two sides of the membrane (transmembrane pressure 
[TMP]) that moves a fluid (plasma water) with its crystalloid content, a 
process called ultrafiltration, whose entity is also dependent on mem-
brane permeability coefficient (Kf). Colloids and cells will not cross the 
semipermeable membrane, depending on the pores’ size.

 Jf = Kf × TMP 

where TMP = Pb − Pd − π, and Pd is blood hydrostatic pressure, Pd 
is hydrostatic pressure on ultrafiltrate side of the membrane, and π is 
blood oncotic pressure.

VV SCUF

Qb�100-250 mL/min
Quf�5-15 mL/min

V

Uf

CVVH

CVVHD CVVHDF

Qb�100-250 mL/min
Qf�15-60 mL/min

V
Rpre Rpost

V

Uf

Qb�100-250 mL/min
Qd�15-60 mL/min

V V V

V

Do Di Do Di

Qb�50-200 mL/min
Qf�10-30 mL/min
Qf�15-30 mL/min

V
Rpre Rpost

Figure 107-8. Schematic representation of the most common con-
tinuous renal replacement therapy (CRRT) set-ups. Black triangles repre-
sent blood flow direction; gray triangles indicate dialysate-replacement 
solutions flows. CVVH, continuous venovenous hemofiltration; CVVHD, 
continuous venovenous hemodialysis; CVVHDF, continuous venove-
nous hemodiafiltration; Di, dialysate in; Do, dialysate out; Qb, blood 
flow; Qd, dialysate solution flow; Qf, replacement solution flow; Quf, 
ultrafiltration flow; Rpost, replacement solution postfilter; Rpre, replace-
ment solution prefilter; SCUF, slow continuous ultrafiltration; Uf, ultra-
filtration; V, vein; VV, venovenous.



with significant amounts of UF (water transfer across the 
membrane). In other words, as the solvent (plasma water) 
is pushed across the membrane in response to the TMP by 
UF, solutes are carried with it, as long as the porosity of 
the membrane allows the molecules to be sieved from the 
blood. The process of UF is governed by the UF rate (Qf), 
the membrane UF coefficient (Km), and the TMP gradient 
generated by the pressures on both sides of the hollow 
fiber, according to the following formula:

 Qf = Km × TMP 

The hydrostatic pressure in the blood compartment is 
dependent on blood flow (Qb). The greater the Qb, the 
greater the TMP. In modern RRT machines, UF control 
throughout the filter is obtained by applying a pump, 
which generates control of the UF rate. Modern systems 
are designed to maintain a constant Qf; when the filter is 
“fresh,” the initial effect of UF pumps is to retard spon-
taneous UF production, generating a positive pressure 
on the UF side. As the membrane fibers foul, a negative 
pressure is necessary to achieve a constant Qf. In this 
case a progressive increase of TMP can be observed up 
to a maximal level in which clotting is likely and solute 
clearance may be significantly compromised. In fact, if 
it is true that the molecules cleared during convection 
are physically dragged to the UF side, then it is also true 
that the protein layer that progressively closes fiber pores 
tends to limit solute transport significantly.38 A pecu-
liar membrane capacity, defined as adsorption, has been 
shown to play a major role in higher molecular weight 
toxins39; however, it should be considered that mem-
brane adsorptive capacity is generally saturated in the 
first treatment hours. This observation marks the scarce 
impact of the adsorption component on solute clear-
ance and suggests relying only on the relatively minor 
effects of mass separation processes such as diffusion and 
convection.40 As UF proceeds and plasma water and sol-
utes are filtered from blood, hydrostatic pressure within 
the filter is lost and oncotic pressure is gained because 
blood concentrates and hematocrit increases. The frac-
tion of plasma water that is removed from blood dur-
ing UF is called filtration fraction; it should be kept in the 
range of 20% to 25% to prevent excessive hemoconcen-
tration within the filtering membrane and to avoid the 
critical point during which oncotic pressure is equal to 
TMP and a condition of filtration-pressure equilibrium is 
reached. Finally, replacing plasma water with a substitu-
tion solution completes the hemofiltration process and 
returns purified blood to the patient. The replacement 
fluid can be administered after the filter, with a process 
called postdilution hemofiltration. Otherwise, the solution 
can be infused before the filter to obtain predilution hemo-
filtration. Although postdilution allows a urea clearance 
equivalent to therapy delivery (i.e., 2000 mL/hr; see later 
discussion), predilution, despite theoretic reduced solutes 
clearances, allows prolonged circuit life span by reduc-
ing hemoconcentration and protein-caking effects that 
occur within filter fibers. Conventional hemofiltration 
is performed with a highly permeable membrane with a 
surface area of approximately 1 m2, steam sterilized, with 
a cutoff point of 30,000 daltons (30 kD). The difference 
between the volume of ultrafiltered plasma water and 
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reinfused substitution solution gives the net UF, which 
is the fluid that is eventually removed from the patient 
for fluid control. Net UF prescription is based on patient 
needs and can range from more than 1 L/hr (pulmonary 
edema in a patient with congestive heart failure and who 
has diuretic-resistant AKI) to zero (septic patient in a 
catabolic state with increased creatinine levels and con-
served diuresis). A net UF rate must be added to dialysis to 
achieve fluid balance control during diffusion that does 
not allow water movements.

Convection is applied during slow continuous UF (SCUF) 
and continuous VV hemofiltration (CVVH) (see Fig. 107-8).

The application of both convection and diffusion con-
figures continuous VV hemodiafiltration (CVVHDF) (see 
Fig. 107-8).

Nomenclature
Intermittent hemodialysis (IHD): IHD is a common 
diffusive treatment in which blood and dialysate are 
circulated in countercurrent mode; generally, a low-per-
meability, cellulose-based membrane is used. Dialysate 
must be pyrogen free but not necessarily sterile, since 
dialysate–blood contact does not occur. The UF rate is 
equal to the scheduled weight loss. This treatment can 
be performed typically in 4 hours, three times weekly 
or daily. Blood flow (Qb): 150 to 300 mL/min; dialysate 
solution flow (Qd): 300 to 500 mL/min.

Peritoneal dialysis (PD): PD is a predominantly dif-
fusive treatment during which blood, circulating along 
the capillaries of the peritoneal membrane, is exposed 
to dialysate. Access is obtained by inserting a peritoneal 
catheter, which allows the abdominal instillation of dial-
ysate. Solute and water movement is achieved by means 
of variable concentration and tonicity gradients gener-
ated by the dialysate. This treatment can be continuously 
or intermittently performed.

Slow continuous ultrafiltration (SCUF): SCUF is 
a technique in which blood is driven through a highly 
permeable filter via an extracorporeal circuit in VV mode. 
The ultrafiltrate produced during membrane transit is not 
replaced, and it corresponds to weight loss. It is used only 
for fluid control in patients with overload (i.e., patients 
with congestive heart failure who do not respond to 
diuretic therapy). Qb: 100 to 250 mL/min; ultrafiltration 
flow (Quf): 5 to 15 mL/min (see Fig. 107-8).

Continuous venovenous hemofiltration 
(CVVH): CVVH is a technique in which blood is driven 
through a highly permeable filter via an extracorporeal 
circuit in VV mode. The ultrafiltrate produced during 
membrane transit is replaced in part or completely to 
achieve blood purification and volume control. If replace-
ment fluid is delivered after the filter, then the technique 
is defined as postdilution hemofiltration. If it is delivered 
before the filter, the technique is termed predilution hemo-
filtration. The replacement fluid can also be delivered 
both prefilter and postfilter. Clearance for all solutes is 
convective and equals the UF rate. Qb: 100 to 250 mL/
min; Quf: 15 to 60 mL/min (see Fig. 107-8).

Continuous venovenous hemodialysis (CVVHD): 
CVVHD is a technique in which blood is driven through 
a low permeability dialyzer via an extracorporeal circuit 
in VV mode, and a countercurrent flow of dialysate is 



PART VIII: Critical Care Medicine3170

delivered on the dialysate compartment. The ultrafiltrate 
produced during membrane transit corresponds to the 
patient’s weight loss. Solute clearance is mainly diffusive, 
and efficiency is limited to small solutes only. Qb: 100 to 
250 mL/min; Qd: 15 to 60 mL/min (see Fig. 107-8).

Continuous venovenous hemodiafiltration 
(CVVHDF): CVVHDF is a technique in which blood is 
driven through a highly permeable dialyzer via an extra-
corporeal circuit in VV mode and a countercurrent flow 
of dialysate is delivered on the dialysate compartment. 
The ultrafiltrate produced during membrane transit is in 
excess of the patient’s desired weight loss. A replacement 
solution is needed to maintain fluid balance. Solute clear-
ance is both convective and diffusive. Qb: 100 to 250 mL/
min; Qd: 15 to 60 mL/min; replacement solution flow 
(Qf): 15 to 60 mL/min (see Fig. 107-8).

Hemoperfusion (HP): The patient’s blood is circu-
lated on a bed of coated charcoal powder to remove sol-
utes by adsorption. The technique is specifically indicated 
in cases of poisoning or intoxication with agents that can 
be effectively removed by charcoal. This treatment may 
cause platelet and protein depletion.

Plasmapheresis (PP): PP is a treatment that uses 
specific plasma filters. Molecular-weight cut-off of the 
membrane is significantly higher than that of hemofilters 
(100 to 1000 kD). Plasma as a whole is filtered, and blood 
is reconstituted by the infusion of plasma products such 
as frozen plasma or albumin. This technique is performed 
to remove proteins or protein-bound solutes.

High-flux dialysis (HFD): HFD is a treatment that 
uses highly permeable membranes in conjunction with 
an UF control system. Because of the characteristics of the 
membrane, UF occurs in the proximal part of the filter 
that is counterbalanced by a positive pressure applied to 
the dialysate compartment, which causes a phenomenon 
called backfiltration in the distal part of the filter from 
convective passage of the dialysate into the blood. Diffu-
sion and convection are combined; because of the use of 
a pyrogen-free dialysate, replacement is avoided.

High-volume hemofiltration (HVHF): HVHF is 
a treatment that uses highly permeable membranes and 
hemofiltration with a high-volume setting: Qb: >200 mL/
min; Qf: >45mL/kg/hr.

RENAL REPLACEMENT THERAPIES DOSE 
AND PRESCRIPTION

Similar to other therapies managed in the ICU, dialy-
sis should be administered in an appropriate amount. 
The conventional view of RRT dose is that it is a mea-
sure of the quantity of blood purified of waste products 
and toxins achieved by means of renal replacement. 
Because this wide and still incompletely known fam-
ily of substances is too difficult to measure and quan-
tify, the operative view of RRT dose is generally reduced 
to the measure of the elimination of a representative 
marker solute. This premise has two major flaws: (1) 
the marker solute cannot and does not represent all 
the solutes that accumulate during AKI because kinetics 
and volume of distribution are different for each sol-
ute; and (2) its removal during RRT is not necessarily 
representative of the removal of other solutes, which is 
true both for end-stage renal failure and AKI. Neverthe-
less, despite all of these limitations, a significant body 
of data41 suggests that single-solute marker assessment 
of the dose of dialysis appears to have a clinically mean-
ingful relationship with patient outcomes and therefore 
clinical utility. In addition, the concept of RRT dose is 
useful also for practical purposes. Similar to antibiotics, 
vasopressors, antiinflammatory drugs, and mechanical 
ventilation, the administration of an extracorporeal 
treatment for blood purification requires the operators 
to know exactly when, how, and how much treatment 
should be prescribed and delivered.

During RRT, clearance depends on circuit Qb, Qf, or 
Qd, solutes’ molecular weights, and hemodialyzer type 
and size. Qb, as a variable in delivering the RRT dose, is 
primarily dependent on vascular access and operational 
characteristics of the machines used in the clinical setting. 
Filtration fraction strictly links Qf to Qb during convective 
techniques. Filtration fraction does not limit Qd, but when 
the Qd:Qb ratio exceeds 0.3, it can be estimated that the 
dialysate will not be completely saturated by blood-diffus-
ing solutes. The search for specific toxins to be cleared, fur-
thermore, has not been successful, despite years of research; 
urea and creatinine are generally used as reference solutes 
to measure renal replacement clearance for renal failure. 
Although available evidence does not allow direct correla-
tion of the degree of uremia with outcome in chronic renal 
disease, clearances of urea and creatinine blood levels are 
used to guide treatment dose in the absence of a specific 
solute. During UF, the driving pressure jams solutes, such 
as urea and creatinine, against the membrane and into the 
pores, depending on membrane-sieving coefficient (SC) for 
that molecule. SC expresses a dimensionless value and is 
estimated by the ratio of the concentration of the solutes 
in the filtrate divided by that in the plasma water or blood. 
An SC of 1.0, as is the case for urea and creatinine, demon-
strates complete permeability, and a value of 0 reflects com-
plete rejection. Molecular size over approximately 12 kD 
and filter porosity are the major determinants of SC. The 
clearance during convection is measured by the product 
of Qf times the SC. Thus, differently from diffusion, a lin-
ear relationship exists between K and Qf, the SC being the 
changing variable for different solutes. During diffusion the 
linear relationship is lost when Qd exceeds approximately 
one third of Qb. As a rough estimate, during continuous 
slow efficiency treatments, a direct expression of Qf or Qd, 
independent of which solute must be removed from blood, 
can be considered the RRT dose. During continuous treat-
ment in the ICU, the goal is to deliver at a minimum a urea 
clearance of 2 L/hr. Some clinical evidence suggests that 
35 mL/kg/hr may be the best prescription (i.e., approxi-
mately 2.8 L/hr in a patient weighing 70 kg; see later dis-
cussion).42 Others suggest a prescription based on patient 
requirements, urea generation rate, and catabolic state of 
the single patient. It has been shown, however, that during 
continuous therapy a clearance less than 2 L/hr will almost 
certainly have insufficient results in the adult patient who 
is critically ill.

The dose of RRT can also be described by a fractional 
clearance of a given solute:
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where K is dialysis clearance, t is the time of dialysis  
administration, and V is the solute marker volume of distri-
bution. Kt/V is an established marker of adequacy of dialy-
sis for small solutes correlating with medium-term (several 
years) survival in patients who are chronically ill and on 
hemodialysis. Urea is typically used as a marker molecule 
in end-stage kidney disease to guide treatment dose, and 
a Kt/VUREA of at least 1.2 is currently recommended. As 
an example, the case of a 70-kg patient who is treated 20 
hours per day with a postfilter hemofiltration of 2.8 L/hr at 
a zero balance is considered: The patient’s KUREA will be 47 
mL/min (2.8 L/hr = 2800 mL/60 min) because ultrafiltered 
plasma water will drag all urea across the membrane during 
postfilter hemofiltration, making its clearance identical to 
UF flow. The patient’s treatment time (t) will be 1200 min-
utes (60 minutes for 20 hours). The urea volume of distri-
bution will be approximately 42,000 mL (60% of 70 kg; 42 
L = 42,000 mL), which is roughly equal to total body water. 
Simplifying this patient’s Kt/VUREA, [47 × 1200] ÷ 42,000 
= 1.34. However, Kt/VUREA application to patients with 
AKI has not been rigorously validated.43 In fact, although 
the application of Kt/V to the assessment of dose in AKI is 
theoretically intriguing, many concerns have been raised 
because problems intrinsic to AKI can hinder the accuracy 
and meaning of such dose measurement. These concerns 
include the lack of a metabolic steady state, uncertainty 
about the volume of distribution of urea (VUREA), a high 
protein catabolic rate (PCR), labile fluid volumes, and pos-
sible residual renal function, which dynamically changes 
during the course of treatment. Furthermore, delivery of 
prescribed dose in AKI can be limited by technical prob-
lems such as access recirculation, poor blood flows with 
temporary venous catheters, membrane clotting, and 
machine malfunction. Finally, clinical issues such as hypo-
tension and vasopressor requirements can be responsible 
for solute disequilibrium within tissues and organs.

These observations highlight the gross inadequacies 
of applying end-stage renal failure paradigms to patients 
with AKI. They also indicate that, unlike in the field of 
chronic hemodialysis, only major changes in the applica-
tion of dose (e.g., changing from second daily to daily 
dialysis) can truly deliver a different therapy in the setting 
of AKI. More subtle adjustments such as prescribing a cal-
culated Kt/V of 1.0 versus 1.2 can easily be criticized as 
being within the calculation error around each prescrip-
tion and not necessarily representing a reliable change in 
dose delivery. Nonetheless, the crucial merit of specific-
dose prescription, calculation, and delivery is the avoid-
ance of underdialysis and the improved monitoring and 
awareness of effective delivered therapy.

Finally, the therapeutic needs that can be or need to be 
affected by the dose of RRT are not only the simple con-
trol of small solutes as represented by urea. They include 
control of acid-base, tonicity, potassium, magnesium, cal-
cium, phosphate, intravascular volume, extravascular vol-
ume, temperature, and the avoidance of unwanted side 
effects associated with the delivery of solute control. In the 
patient who is critically ill, it is significantly more important 
to administer 10 units of fresh frozen plasma, 10 units of 
cryoprecipitate, and 10 units of platelets rapidly (e.g., in the 
setting of coagulopathic bleeding after cardiac surgery) with-
out inducing excessive intravascular volume (because 1.0 to 
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.5 L of ultrafiltrate are removed in 1 hour) than for Kt/V to 
e of any particular value. Dose of RRT is about prophylactic 
olume control. In a patient with right ventricular failure, 
KI, and ARDS who is receiving lung-protective ventilation 
ith permissive hypercapnia and with acidemia inducing a 
rther life-threatening deterioration in pulmonary vascu-
r resistance, the dose component of RRT that immediately 
atters is acid-base control and the normalization of pH 24 

ours per day. The Kt/V (or any other solute-centric concept 
f dose) is almost simply a by-product of such dose delivery. 
 a young man with trauma, rhabdomyolysis, and rapidly 

sing serum potassium already at 7 mmol/L, the dialysis 
ose, to begin with, is all about controlling hyperkalemia. In 
 patient with fulminant liver failure, AKI, sepsis, and cere-
ral edema awaiting urgent liver transplantation and whose 
erebral edema is worsening because of fever, the RRT dose 
 all about lowering the temperature without any tonicity 

hifts that might increase intracranial pressure. Finally, in a 
atient with pulmonary edema after an ischemic ventricu-
r septal defect requiring emergency surgery, AKI, ischemic 
epatitis, and the need for inotropic and intraaortic balloon 
ounterpulsation support, the RRT dose is all about gently 
nd safely removing fluid to ensure that the extravascular 
olume falls while the intravascular volume remains opti-
al. Solute removal is simply a by-product of fluid control. 

hese aspects of dose must be explicitly considered when 
iscussing the dose of RRT in the patient with AKI. Although 
ach and every aspect of this broader understanding of dose 
 difficult to measure, clinically relevant assessment of dose 
 patients who are critically ill with AKI should include all 

imensions of such dose. To date, no evidence in the acute 
eld confirms that such solute control data are more rel-
vant to clinical outcomes than volume control or acid-base 
ontrol or tonicity control.

Tables 107-2 and 107-3 show potential flow charts 
at could be followed each time an RRT prescription is 
dicated.

ONTINUOUS VERSUS INTERMITTENT 
ENAL REPLACEMENT THERAPY

lood purification can be achieved in the ICU by both 
RRT and intermittent RRT. Currently, approximately 
0% of patients who are critically ill are treated with 
RRT. However, no specific recommendation is cur-

ently provided by the major critical care societies, and 
e choice is primarily left to institutional protocols 

nd expertise. When the critical parameter of dialysis 
fficacy is metabolic control, an acceptable mean blood 
rea nitrogen level of 60 mg/dL, typically obtainable 
fter some days with a 2 L/hr CVVH in a 100-kg patient, 
 a computer-based simulation, has been shown to be 

xtremely difficult to reach, even by intensive IHD regi-
ens.44 In addition to the benefits specifically pertaining 
 the kinetics of solute removal, increased RRT frequency 

esults in decreased UF requirements per treatment. The 
voidance of volume swings related to rapid UF rates may 
lso represent another dimension of dose where compa-
ability is difficult.

Nevertheless, despite the development of new mem-
ranes, new catheters for vascular access, sophisticated 
ialysis machinery, and tailored dialysate composition, 
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TABLE 107-2 ALGORITHM FOR RENAL REPLACEMENT THERAPY PRESCRIPTION

Clinical Variables Operational Variables Settings

Fluid balance Net ultrafiltration Continuous management of negative balance (100-300 mL/hr) is preferred in patients 
who are hemodynamically unstable.

In case blood purification is the main issue, 2000-3000 mL/hr K (or 25-35 mL/kg/hr) 
for CRRT should be targeted; for modality choice first consider CVVHDF. If IHD is 
selected, an everyday, 4-hr prescription is recommended with a Kt/V >1.2.

Adequacy and dose Clearance and modality 2000-3000 mL/hr K (or 25-35 mL/kg/hr) for CRRT; first consider CVVHDF. 
If IHD is selected, then an everyday, 4-hour prescription is recommended.
A Kt/V >1.2 is prescribed.

Acid-base Solution buffer Bicarbonate-buffered solutions are preferable to lactate-buffered solutions in patients 
with lactic acidosis and/or hepatic failure.

Electrolyte Dialysate and replacement Consider solutions without K+ in case of severe hyperkalemia.
Manage accurately with MgPO4.

Timing Schedule Early and intense RRT is suggested.
Protocol Staff/machine Well-trained staff should routinely use RRT monitors following predefined institutional 

protocols.

CRRT, Continuous renal replacement therapy; CVC, central venous catheter; CVVHDF, continuous venovenous hemodiafiltration; ECG, electrocardiogram; 
IHD, intermittent hemodialysis; K, clearance; RRT, renal replacement therapy; S-G, Swan Ganz catheter.

TABLE 107-3 SCHEMATIC EXAMPLE OF A POSSIBLE PRESCRIPTION FOR CONTINUOUS TREATMENT*

Estimated Urea 
Clearance (KCALC)† Notes

Value of Q to Obtain  
35 mL/kg/hr

Value of Q to Obtain a 
Kt/V of 1

CVVH postdilution KCALC = Qrep Always keep filtration 
fraction <20% (Qb 
must be five times 
Qrep)

Qrep: 41 mL/min or 
2450 mL/hr

Qrep: 29 mL/min or 
1750 mL/hr

CVVH predilution KCALC = Quf/[1 + (Qrep/
Qb)]

Always keep filtration 
fraction <20% (Qb 
must be five times 
Qrep)

For a Qb of 200 mL/min: 
Qrep: 53 mL/min or 
3200 mL/hr

For a Qb of 200 mL/min: 
Qrep: 35 mL/min or 
2100 mL/hr

CVVHD KCALC = Qdo Keep Qb at least three 
times Qd

Qdo: 41 ml/min  
or 2450 mL/hr

Qdo: 29 ml/min or 1750 
mL/h

CVVHDF postdilution 
(50% convective and 
diffusive K)

KCALC = Qrep + Qdo Consider both notes of 
CVVH and CVVHD

Qrep: 20 mL/min + Qdo: 
21 mL/min

Qrep: 14 mL/min 
replacement solution + 
Qdo: 15 mL/min

Urea volume of distribution: V (L) = patient’s body weight (kg) × 0.6.
Estimated fractional clearance: (Kt/VCALC) = KCALC (mL/min) × prescribed treatment time (min)/V (mL).
35mL/kg/hr roughly corresponds to a Kt/V of 1.4. A Kt/V of 1 approximately corresponds to 25 mL/kg/hr.
Filtration fraction calculation (postdilution): Qrep/Qb × 100.
Filtration fraction calculation (predilution): Qrep/Qb + Qrep × 100.
CVVH, Continuous venovenous hemofiltration; CVVHD, continuous venovenous hemodialysis;CVVHDF, continuous venovenous hemodiafiltration; Qb, 

blood flow rate; Qdo, dialysate solution flow rate; Qnet, patient’s net fluid loss; Qrep, replacement solution flow rate; Quf, ultrafiltration flow rate  
(Quf = Qrep + Qnet).

*70-kg patient, VUREA, 42 L, during an ideal session of 24 hours (time, 1440 minutes)
†Net ultrafiltration (patient fluid loss) is considered zero in KCALC for simplicity.
a clear relationship between frequency of RRT delivery 
(CRRT versus intermittent RRT) and mortality has not 
been fully established. Most recently, the Surviving Sepsis 
Campaign guidelines for the management of severe sep-
sis and septic shock45 concluded that, based on present 
scientific evidence, CRRT should be considered equiva-
lent to IHD for the treatment of AKI. Vinsonneau and 
colleagues46 recently conducted a large, prospective, ran-
domized multicenter study in 21 ICUs over a 3.5-year 
period. The primary endpoint was the 60-day mortality 
after the randomization of 360 patients with acute renal 
failure (ARF) to either CVVHDF or IHD in centers that 
were familiar with both techniques. The eligibility criteria 
changed after 8 months as a result of the recruitment rate 
being too low. No differences in 28- or 60-day mortality 
rates (CVVHDF, 33%; IHD, 32%) or in 90-day mortality 
rates between the two groups were found, and the authors 
concluded that all patients with ARF as part of multior-
gan dysfunction syndrome can be treated with IHD. The 
study was well conducted and, at the moment, is the best 
example of randomized controlled study effectively com-
paring the two techniques. Nonetheless, the study started 
several years ago, during which time the practices in both 
CVVHDF and IHD have changed considerably. As stated 
by Vinsonneau and colleagues, this study may have led to 
changes in investigator practices during the study period, 
particularly with respect to the delivered dose of renal sup-
port. This possibility, however, is hard to ascertain, con-
sidering that the investigators, by protocol, started therapy 
with initial standardized settings and then adapted these 
settings to meet individual patient requirements to 
obtain the metabolic control objectives. Interestingly, the 



mortality decreased in the IHD arm of the study over the 
time of recruitment, which reflected a change in practice 
toward an increase in dialysis prescription. Considering 
the lack of control regarding the dosage in both arms 
of the study, definitive conclusions are difficult to make 
regarding treatment. As remarked in the accompany-
ing editorial,47 the question of which treatment is better 
is influenced by the nature of the task. CRRT might be 
better in terms of total water and solute removal over 24 
hours and hemodynamic tolerance, but IHD can remove 
significantly more water and solute per hour and does not 
require continuous anticoagulation or complete patient 
immobilization. Furthermore, the advantages of continu-
ous therapies are largely supported when administered 
without prolonged interruptions. Again, unfortunately 
the study by Vinsonneau did not provide this informa-
tion. Finally, if all patients with AKI as part of multiorgan 
dysfunction syndrome can be treated with IHD, then they 
can also be safely treated by CVVHDF.

Other reports have drawn similar conclusions.48,49 One 
of the common key points of these recent trials, however, 
can be that IHD has become safer and more efficacious 
with contemporary dialytic techniques. Furthermore, 
a liberal and extended use of CRRT may have become 
less safe and/or efficacious than previously considered 
or expected. Over the past 2 decades, however, techni-
cal advances in the delivery of IHD have dramatically 
decreased the propensity of IHD to cause intradialytic 
hypotension. These advances include the introduction of  
volume-controlled dialysis machines, the routine use  
of biocompatible synthetic dialysis membranes, the use 
of bicarbonate-based dialysate, and the delivery of larger 
doses of dialysis. Schortgen and colleagues demonstrated 
that the rate of hemodynamic instability was lower and 
outcomes were better after the implementation of a clini-
cal practice algorithm designed to improve hemodynamic 
tolerance to IHD.50 Recommendations included priming 
the dialysis circuit with isotonic saline, setting dialysate 
sodium concentration at above 145 mmol/L, discontinu-
ing vasodilator therapy, and setting dialysate temperature 
to below 37° C. Thus the original rationale for the widely 
held assumption that CRRT is a superior therapy may 
have dissipated over time.

In conclusion, the question of the superiority of a modal-
ity for renal support might be artificial. In routine clinical 
practice, as designed by the Vinsonneau protocol, a change 
from one approach to another seems reasonable when clini-
cal status changes (e.g., from CRRT to IHD when hemody-
namics improve or the patient is extubated, and vice versa), 
even if this common sense approach has never been scientif-
ically validated.51 Randomizing patients to receive one ther-
apy or the other, regardless of the conditions, might yield 
results that are difficult to generalize to clinical practice.

Hybrid techniques have developed over time as a fea-
sible compromise solution to this eternal dispute. These 
techniques have been given a variety of names such as 
slow low-efficiency extended daily dialysis (SLEDD),52 pro-
longed daily intermittent RRT (PDIRRT),53 extended daily 
dialysis (EDD),54 or simply extended dialysis,55 depend-
ing on the variations in schedule and the type of solute 
removal (convective or diffusive). Theoretically speaking, 
these therapies were developed to enhance the advantages 
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offered by either CRRT or IHD, including efficient solute 
removal with minimum solute disequilibrium, reduced UF 
rate with hemodynamic stability, optimized delivered to 
optimal prescribed-to-delivered dose ratio, low anticoagu-
lant needs, diminished cost of therapy delivery, efficiency 
of resource use, and improved patient mobility. Initial 
case reports have shown that these hybrid approaches 
are feasible and do have high clearances. A single short-
term single center trial comparing hybrid therapies with 
CRRT has shown satisfying results in terms of dose deliv-
ery and hemodynamic stability.56 Recently, Baldwin and 
co-workers randomized 16 patients to 3 consecutive days 
of treatment with either CVVH (8 patients) or extended 
daily dialysis with filtration (EDDf) (8 patients) and com-
pared small solute, electrolyte, and acid-base control.56 
They did not find significant differences between the two 
therapies for urea or creatinine levels over 3 days. All elec-
trolyte derangements before treatment were corrected as 
a result of treatment, except for one patient in the CVVH 
group who developed hypophosphatemia (0.54 mmol/L) 
at 72 hours. After 3 days of treatment, a mild but persis-
tent metabolic acidosis in the EDDf group was observed, 
compared with the CVVH group.

Generating ultrapure replacement fluid and adminis-
tering it in the ICU at a lower cost than CRRT, in greater 
amounts and for shorter periods, is now possible. Hemo-
filtration may be combined with diffusion, or pure diffu-
sion can be selected at any chosen clearance for a period 
that can encompass the daytime period with the maxi-
mum staff availability or the night-shift period. Thus the 
choices are now almost limitless: 3 or 4 hours of IHD with 
standard settings or CRRT at 35 mL/kg/hr of effluent flow 
rate can be selected. SLEDD at blood and dialysate flow 
rates of 150 mL/min for 8 hours during the day or SLEDD 
for 12 hours overnight can be considered an alternative. 
Otherwise, why not combine CRRT for the first 2 or 3 
days when the patient is in the hyperacute phase with 
SLEDD thereafter as recovery takes place?

CLINICAL APPLICATIONS

EXTRACORPOREAL MEMBRANE 
OXYGENATION

Starting Extracorporeal Membrane 
Oxygenation (Venovenous and Venoarterial 
Configurations)
ECMO can be provided in two different ways or con-
figurations: VV ECMO that provides respiratory support 
or VA ECMO for respiratory and cardiocirculatory sup-
port. Since venous blood is oxygenated and returned to 
the aorta (usually via the femoral artery and alternatively 
to the aortic arch via the right common carotid artery), 
the VA ECMO technique provides mechanical circulatory 
support for patients with cardiogenic shock.

In the VA configuration, ECMO has been success-
fully used as a bridge to myocardial recovery, long-term 
ventricular assist devices, cardiac transplantation after 
myocardial infarction, cardiomyopathy, myocardi-
tis, postcardiotomy cardiac failure, and cardiac arrest.57  
A key issue that must be taken into consideration is that in 
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VA ECMO, the blood pumped by the machine (highly oxy-
genated) mixes with the blood coming from the left ventri-
cle (poorly oxygenated), resulting in a possible hypoxemia 
of the upper body (including the coronary circulation and 
the brain) and an optimal oxygenation of the lower part 
(Harlequin syndrome). In light of this issue, the blood from 
the right radial artery should be carefully monitored and its 
oxygenation measured. This important issue can be faced 
by placing an additional cannula from the inflow side into 
the right internal jugular vein, creating a venous-arterial- 
venous (VAV) ECMO. A further problem related to the  
VA ECMO is the high left atrial pressure attributable to 
the increased afterload on a failing left ventricle. Draining  
the left atrium by means of a transseptal catheter, vent-
ing the left ventricle from the apex (left thoracotomy), or 
directly venting the left atrium can manage this problem.

Patients with severe hypoxic respiratory failure, with-
out cardiac dysfunction, should receive percutaneous 
peripheral VV ECMO. Recourse to VA ECMO in the pres-
ence of preserved cardiac function may cause severe brain 
and heart hypoxia and expose patients to severe complica-
tions such as systemic thromboembolism, limb ischemia, 
and increased left ventricular wall tension. As a general 
rule, echocardiography should be performed before VV 
ECMO initiation to diagnose left ventricular dysfunc-
tion, which might necessitate the use of VA ECMO. In VV 
ECMO, blood is drained from one or both vena cava via 
the jugular or femoral veins (drainage), pumped through 
the artificial lung and then into the right atrium (inflow). 
Pulmonary blood flow is maintained and systemic deliv-
ery is provided by the left ventricle. Several advantages can 
be attributed to VV ECMO in comparison with VA ECMO:  
(1) the arterial system is not included in any technical 
maneuver without any risk of ischemia or thrombosis; 
(2) pulmonary blood flow is maintained with oxygenated 
blood, promoting vasodilation; (3) pulsatile blood flow to 
organs is maintained; and (4) an increase in left ventricle 
afterload attributable to the retrograde pump flow is avoided.

ECMO has been proposed for patients suffering from 
several forms of respiratory failure—ARDS refractory 
to conventional mechanical ventilation, lung trauma, 
severe asthma, pulmonary embolism, patients awaiting 
lung transplantation, and many other causes involving 
neonatal and pediatric populations.58

Indications and Contraindications for 
Venovenous Extracorporeal Membrane 
Oxygenation
Adults. The exact indications for adult VV ECMO have 
not been the subject of large trials. Nonetheless, it is rec-
ommended that ECMO should be considered in patients 
with hypoxic respiratory failure attributable to any cause 
(primary or secondary) when mortality is predicted to 
be 50% or greater and is indicated when higher than 
80%, despite the optimal use of traditional therapies.†  
A  mortality risk of 50% can be identified by a PaO2/FiO2 less  
than 150 mm Hg on FiO2 greater than 90% and/or a Mur-
ray score of 2 to 3; an 80% mortality risk can be identi-

† See “Patient Specific Supplements to the ELSO General Guidelines.” 
<http://www.elso.med.umich.edu/WordForms/ELSO%20Pt%20Spec
ific%20Guidelines.pdf> (Accessed October 18, 2012)
fied by a PaO2/FiO2 less than 80 mm Hg on FiO2 greater 
than 90% and a Murray score of 3 to 4. Other indica-
tions are CO2 retention attributable to asthma or permis-
sive hypercapnia with a PacO2 greater than 80 mm Hg 
or an inability to achieve safe inflation pressures (Pplat 
≤30 cm H2O) or severe air leakage. In general, ECMO 
approach should be used when less invasive therapies 
fail but before VILI or sustained cerebral hypoxia occurs. 
Certain institutions proposed stricter criteria after the 
H1N1 pandemic emerged in the spring of 2009. In Aus-
tralia, for example, the New South Wales Department 
of Health recommended in its guidelines for ECMO ini-
tiation immediate consultation for VV ECMO in case of 
refractory hypoxemia or hypercarbia (PacO2 >100 mm Hg, 
with PaO2/FiO2 <100). The French Réseau Européen de 
Recherche en Ventilation Artificielle (REVA) group pro-
posed that ECMO should be initiated in cases of hypox-
emia (PaO2/FiO2 <50 mm Hg), despite high PEEP (10 to 20 
cm H2O) and high FiO2 (>80%) ventilation when plateau 
pressure reached 35 cm H2O, despite decreases to 4 mL/
kg in tidal volume.59

According to ELSO, there are no absolute contrain-
dications for VV ECMO in adults. However, there are 
conditions that are known to be associated with a poor 
outcome, despite ECMO; these should always be con-
sidered before initiating ECMO assistance. These condi-
tions are injurious mechanical ventilation for 7 days or 
longer, major pharmacologic immunosuppression (abso-
lute neutrophil count <400/mL3), and central nervous 
system hemorrhage that is recent or expanding. Specific 
patient conditions should also be considered. Although 
no specific age is a contraindication, increasing age is 
considered to increase the risk; weight over 125 kg can be 
associated with technical difficulties and the risk of not 
being able to achieve an adequate blood flow, based on 
patient size; and comorbidities should also be taken into 
consideration.

Bridging to lung transplant is being evaluated in some 
transplant centers.† It is a matter of fact that the role of 
ECMO in many of the conditions regarded as contrain-
dications in the past (e.g., sepsis, trauma, malignancy, 
pulmonary hemorrhage) has recently been reappraised 
by many experienced centers. Furthermore, renewed 
interest for the new era of ECMO has allowed the imple-
mentation of modern techniques, more reliable devices, 
and effective training programs, which have significantly 
extended ECMO indications with respect to the rescue uti-
lization adopted in the past.

NeoNAtes. According to ELSO, VV ECMO should be con-
sidered in the neonate when the OI is 20 and should be 
indicated when the OI is 40. The calculation of OI is as 
follows:

 
[mean airway pressure (MAP) × FiO2] ÷

[postductal PaO2 × 100] 

Lethal chromosomal disorders, irreversible brain 
damage, and grade III or greater intraventricular hemor-
rhage are contraindications for VV ECMO in neonates. 
Relative contraindications include irreversible organ 
damage (unless considered for organ transplantation), 
body weight less than 2 kg, and less than 34 weeks’ 



postmenstrual age because of the increased incidence of 
increased intracranial hemorrhage (also see Chapter 95†).

PediAtric PAtieNts. No absolute indications are known, 
but ECMO should be considered within the first 7 days of 
mechanical ventilation at high levels of support.†

Listed contraindications include recent neurosurgi-
cal procedures or intracranial bleeding within 10 days, 
recent surgery or trauma, and increased risk of bleed-
ing. Grade II or III intracranial hemorrhage is a general 
contraindication.

Indications and Contraindications for 
Venoarterial Extracorporeal Membrane 
Oxygenation
The main VA ECMO indication in adult cardiac failure 
according to ELSO guidelines is the presence of cardiogenic 
shock associated with inadequate tissue perfusion, despite 
adequate intravascular volume and inotropes-vasoconstric-
tors administration. Intraaortic balloon counterpulsation 
should be considered before ECMO initiation, if appropri-
ate. Typical conditions that are an indication for VA ECMO 
include acute myocardial infarction, myocarditis, peripar-
tum cardiomyopathy, decompensated chronic heart failure, 
and postcardiotomy shock. Septic shock is an indication 
only in some centers. The American Heart Association 
guidelines for cardiopulmonary resuscitation (CPR) recom-
mend consideration of ECMO to aid CPR in patients who 
have an easily reversible event and have had excellent CPR.†

In pediatric patients, ELSO suggests VA ECMO in 
early postoperative cardiac failure in the surgical unit 
if the patient is unable to come off bypass. In the ICU, 
VA ECMO should be considered in conditions of shock 
unresponsive to appropriate drug therapy. Moreover, 
VA ECMO can be considered after cardiac arrest from 
any cause with response to CPR but still unstable and no 
response to CPR direct massage underway for 5 minutes. 
Finally, VA ECMO can be considered in cases of myocar-
dial failure unrelated to surgery such as myocarditis, car-
diomyopathy, and toxic drug overdose.†

Management and Monitoring
New technologies with modern pumps, circuits, and 
oxygenators, and ICU nurses with additional training in 
ECMO technology and management ensure efficient care 
of both the ECMO device and patient. The circuit should 
be monitored several times daily by the medical and nurs-
ing team and at least once a day by a perfusionist or other 
ECMO specialist. Appropriate functioning, fibrin depos-
its, and clots should be carefully monitored in all compo-
nents. Moreover, great care must be taken to search for any 
sign of inflammation and infection at the cannulation site.

Patients under ECMO assistance require careful moni-
toring of vital organs by means of electrocardiogram, air-
way pressure and flow, arterial blood pressure, and specific 
monitoring devices related to ECMO, such as the following:

† See “Patient Specific Supplements to the ELSO General Guidelines.” 
<http://www.elso.med.umich.edu/WordForms/ELSO%20Pt%20Spec
ific%20Guidelines.pdf> (Accessed October 18, 2012)
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 •  Blood flow delivered by the circuit is calculated by a 
flow meter.

 •  Transducers measure the pressures at different sites. 
The pressure before the membrane lung is extremely 
important; an increase in pressure levels may suggest 
thrombosis in the oxygenators.

 •  Oxygen saturation of the drained venous blood (supe-
rior vena cava, inferior vena cava, and coronary sinus) 
is a good indicator of DO2:VO2 ratio during VA ECMO.

 •  High oxygen saturation during VV ECMO may sug-
gest venous blood recirculation (oxygenated blood 
recaptured by the circuit) attributable to cannula dis-
placement.

Weaning From Extracorporeal Membrane 
Oxygenation
Improved lung function (and cardiocirculatory status for 
AV ECMO) is the conditio sine qua non; that is, it is the 
indispensable requisite or condition for starting a weaning 
protocol from VV ECMO. Improvements in lung mechan-
ics, blood gases, and radiologic appearance are signs of 
progress toward autonomy. Although the ventilator is set 
to lung-protective mode, the gas flow to the oxygenator 
can be turned off and, if acceptable stability (cardiorespi-
ratory function) is maintained for 1 to 4 hours, then the 
pump can be stopped and the cannulas removed. Lung 
recovery may take several weeks or months; recovery from 
ARDS has been reported after more than 50 to 100 days 
of ECMO support.60 End-tidal CO2 may be very low dur-
ing the early phases of ECMO because pulmonary func-
tion is severely impaired. As lungs start recovering and 
blood flow to ventilated alveoli increases, end-tidal CO2 
increases as well. An end-tidal CO2 close to normal val-
ues may suggest that a weaning trial could be considered. 
When VA ECMO is implanted for cardiac dysfunction, 
signs of recovery include increasing arterial pulse con-
tour and, primarily, improving echocardiographic signs 
of heart contractility. In VA configuration, the tubing 
leading blood to the patient is clamped, but circulation 
within the circuit is maintained via a bypass. If cardiore-
spiratory functions are adequate, then the cannulas can 
be removed.

MANAGEMENT OF RENAL REPLACEMENT 
THERAPY

Indications to Start Renal Replacement 
Therapy
Whatever the technique of CRRT, the following clinical 
variables are typically compromised in the patient who is 
critically ill with AKI:

 1.  Continuous control of fluid status
 2.  Hemodynamic stability
 3.  Control of acid-base status
 4.  Ability to provide protein-rich nutritional support, 

while achieving excellent uremic control
 5.  Control of electrolyte balance
 6.  Control of phosphate and calcium balance
 7.  Prevention of swings in intracerebral water
 8.  Minimal risk of infection
 9.  High level of biocompatibility
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Even if clear guidelines or recommendations on when 
to start RRT exist, to date, a broad concept of timely inter-
vention is generally accepted. When oliguria is associated 
with impairment of one or more of the clinical features 
previously listed, RRT should be started within 24 hours. 
The only urgent indications to dialysis are pulmonary 
edema refractory to high-dose diuretics and rapidly 
increasing kalemia. Fluid balance is a fundamental aspect 
to control in the patient who is critically ill with anuria. All 
patients who are critically ill need a high daily amount of 
volume infusions—blood and fresh frozen plasma, vaso-
pressors and other continuous infusions, and parenteral 
and enteral nutrition, which should be delivered with-
out restriction or interruption. It is not uncommon for 
patients with AKI and associated septic shock to receive 
large amounts of fluid resuscitation, leading to fluid over-
load. The consequent positive fluid balance and tendency 
to interstitial edema cause the necessity for water removal 
and, possibly, the achievement of a negative daily fluid 
balance. Extracorporeal RRTs are typically used for UF. 
Ultrafiltered water has a similar osmolarity to plasma 
water; for this reason, the process of isolated UF substan-
tially corresponds to blood dehydration, with a possible 
increase of hematocrit values and the smallest modifica-
tion of solutes concentrations.61 CRRT slowly and con-
tinuously removes the patient’s plasma water, mimicking 
urine output, whereas intermittent hemodialysis three 
times weekly must extract, in a few hours, the equivalent 
of 2 days of administered fluids plus excess body water 
that may be present in the patient with anuria. The intra-
vascular volume depletion associated with excessive UF 
rate is due to both the high rate of fluid removal required 
and the transcellular and interstitial fluid shifts caused by 
the rapid dialytic loss of solute. The major consequence 
of rapid fluid removal is hemodynamic instability. In 
the case of a septic patient with AKI who is receiving a 
high amount of vasopressors because of hemodynamic 
instability and is needing appropriate fluid resuscita-
tion, supplementation of nutrition, and blood product 
administration, the renal replacement modality of choice 
seems to be the one that warrants slow fluid removal that 
is prolonged for many hours per day to meet the highly 
variable required daily fluid balance. In particular, when 
volemic and uremic control is not a problem, an aggres-
sive, protein-rich nutritional policy (1.5 to 2.5 g/day) can 
be implemented in the care of patients with AKI who are 
receiving CRRT, resulting in a significant improvement in 
daily nitrogen balance with possible favorable effects on 
immune function and overall outcome.62 Safe prescrip-
tion of fluid loss during RRT requires intimate knowledge 
of the patient’s underlying condition, an understand-
ing of the process of UF, and close monitoring of the 
patient’s cardiovascular response to fluid removal. To 
preserve tissue perfusion in patients with AKI, optimiz-
ing fluid balance by removing the patient’s excess water 
without compromising the effective circulating fluid 
volume is important. It is still a matter of controversy 
to determine which clinical parameters—actual patient 
weight or patient dry weight, MAP, central venous pres-
sure, wedge pressure, systemic saturation, mixed venous 
saturation, bioimpedance, among others—or currently 
available monitorization—central venous catheter, Swan 
Ganz catheter, transesophageal echocardiography, and 
others—are to be used to define uniformly the concept 
of volume overload. In patients who are clinically fluid 
overloaded, however, accurately evaluating the amount 
of fluid to remove63 in these patients is extremely impor-
tant; one of the main features of slow and constant UF is 
the possibility for interstitial fluid to refill the dehydrated 
bloodstream slowly and constantly. This phenomenon 
is driven by hydrostatic and osmotic forces and allows 
for the elimination of high plasma water volumes each 
day with a reduced risk of hypovolemia and hypotension. 
In children who are critically ill, the correction of water 
overload is considered a priority; it has been shown and 
recently confirmed that restoring adequate water content 
in small children is the main independent variable for 
outcome prediction.64 Similar results have been recently 
found in a large cohort of adult patients who are critically 
ill with AKI.65

Solute removal is a broad concept that is generally 
described by the elimination of a marker solute. This 
marker solute should be reasonably representative of all 
solutes that are normally removed from blood by the 
kidney. Unfortunately, a reference solute that represents 
all the solutes accumulating during AKI is not currently 
available because kinetics and volume of distribution are 
different for each molecule. As a result, single-solute control 
during RRT represents only a rough estimate of treatment 
efficiency. With these specifications, urea is generally used 
as an imperfect marker molecule, because of its accumula-
tion in all patients with AKI and the ease of serum level 
measurement. Furthermore, despite its moderate toxicity, 
urea is the final product of protein metabolism; its accu-
mulation describes the need for dialysis and its removal 
describes treatment efficiency. It is a small molecule, and 
its volume of distribution is similar to total body water. 
It is not bound to protein, and it freely passes through 
tissues and cell membranes. Creatinine has similar char-
acteristics and is another commonly used marker solute.

Once RRT is indicated, a prescription on dialysis dose 
has to be made and the treatment carefully delivered. 
The intensity of a dialytic treatment can be roughly 
indicated by the amount of dialysis and hemofiltration 
flow delivered to the patient. After the milestone trial 
by the group of Vicenza in 2000,66 such flow has been 
indexed to patient body weight, highlighting that this 
variable is of direct importance in patients with AKI. 
Two large multicenter randomized controlled stud-
ies published in 2009 (the randomized evaluation of 
normal versus augmented level [RENAL] replacement 
therapy study67 and the Veterans Administration and 
the National Institutes of Health [VA/NIH] Acute Renal 
Failure Trial Network [ATN] study)68 finally clarified 
the concept of optimal dialysis dose. The RENAL and 
ATN studies were designed to compare normal or less 
intensive renal support to an augmented or intensive 
therapy; in particular, the RENAL study compared 25 
mL/kg/hr CVVHDF to 40 mL/kg/hr CVVHDF; the ATN 
study compared 20 mL/kg/hr CVVHDF or three times 
per week intermittent dialysis to 35 mL/kg/hr CVVHDF 
or daily intermittent dialysis. Surprisingly, both studies 
showed that increases in intensity of RRT dose did not 
improve patient outcomes, essentially negating a large 
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tion rate and treatment clearance should lead to nor-
mal or subnormal creatinine values while on RRT. Once 
body of evidence coming from previous smaller trials. 
As a consequence, the definition of normal dose is now 
recommended in a range of 20 to 30 mL/kg/hr for con-
tinuous therapies or three times per week intermittent 
hemodialysis, or both.

Patients with oligo-anuric renal failure often have 
mild acidemia, secondary to increased unmeasured 
anions (strong ion gap [SIG] − 12.3 mEq/L), hyperphos-
phatemia, and hyperlactatemia. The alkalinizing effect 
of hypoalbuminemia attenuates this acidosis. The effect 
on acid-base balance of intermittent hemodialysis and 
CVVHDF has been evaluated; metabolic acidosis is com-
mon in both groups, and both intermittent hemodialy-
sis and CVVHDF correct metabolic acidosis. However, 
the rate and degree of correction may significantly 
differ. CVVHDF normalizes metabolic acidosis more 
rapidly and more effectively during the first 24 hours 
than intermittent hemodialysis. Intermittent hemo-
dialysis is also associated with a higher incidence of 
metabolic acidosis than CVVHDF during the subsequent 
2-week treatment period. Accordingly, CVVHDF can 
be considered physiologically superior to intermittent 
hemodialysis in the correction of metabolic acidosis. 
In a comparison between CVVH and peritoneal dialy-
sis, all patients randomized to CVVH achieved correc-
tion of acidosis with 50 hours of treatment, compared 
with only 15% of those treated by peritoneal dialysis  
(P < .001).69

Rocktaschel showed that once CVVHDF is com-
menced, acidemia is corrected within 24 hours. This 
change is associated with a decreased SIG and decreased 
phosphate and chloride concentrations. After 3 days of 
CVVHDF, patients develop alkalemia secondary to met-
abolic alkalosis attributable to a further decrease in SIG 
and a decrease in serum phosphate concentration in the 
setting of persistent hypoalbuminemia.70

Although considerable attention has focused on the 
perceived benefits of CRRT, the emphasis on the pos-
sibility that CRRT might confer increased risk has less-
ened. As a continuous extracorporeal therapy, CRRT 
often requires continuous anticoagulation, which 
can increase bleeding risk. Conversely, clotting of 
the extracorporeal circuit also frequently occurs with 
CRRT, which might contribute to blood loss and could 
exacerbate anemia in patients who are critically ill. 
The increased solute transfer associated with the use 
of CRRT might enhance the removal of amino acids, 
vitamins, catecholamines, and other solutes with a 
beneficial function in patients who are critically ill. 
Continuous therapies must be continuous to work. 
How many treatments really last more than 18 to 20 
hours per day? Downtime attributable to filter-circuit-
catheter clotting, circuit change, frequent replacement 
solution-bag substitution, and patient mobility (sur-
gery, diagnostics) should be carefully monitored and 
might significantly affect the dialysis dose.71,72 Also of 
concern are technical problems, including machine 
malfunction, medication errors, and compounding 
errors, that have been reported with the delivery of 
CRRT and might contribute to increased patient mor-
bidity and mortality. Detection of safety problems, 
adverse events, or both, is particularly difficult when 
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ates of expected morbidity and mortality are high in 
he population undergoing a procedure, as is the case 
ith CRRT in patients who are critically ill with AKI. 
urrently, few studies in the nephrology literature pro-
ide substantive information on the safety or adverse 
ffects of CRRT or IHD in the critically ill population. 
fter the introduction of new technology and devices 

nto medical practice, the natural tendency is to assume 
hat the novel therapeutic approach is providing ben-
fit, especially when the therapy becomes part of the 
ypical equipment of an ICU bed and is applied 24 
ours a day to a patient who is critically ill. The level of 
ttention is probably greater when a dedicated dialysis 
urse administers the therapy for few hours during the 
ay shift. Nonetheless, a new generation of dedicated 
RRT machines has been recently released with strict 

afety features and the possibility of a high range of 
rescriptions. In any case, the ideal therapy still does 
ot exist, and specific ICU staff training is mandatory 
efore such modern monitors are routinely used.

ndications to Stop Renal Replacement 
herapy
 paucity of evidence can be found regarding when to 
ean RRT. Some insights may be gleaned from recent 

iterature. One report from the Beginning and End-
ng Supportive Therapy (BEST) Kidney study group 
escribes the current practice for the discontinuation 
f CRRT in a multinational setting to identify variables 
ssociated with successful discontinuation and whether 
he discontinuation of CRRT may affect patient out-
omes.73 In this study, 313 patients were weaned from 
RRT for at least 7 days and were classified as the suc-

ess group, and 216 patients were classified as the repeat-
RT group. Multivariate logistic regression analysis for 
uccessful discontinuation of CRRT identified urine 
utput (during the 24 hours before stopping CRRT: 
dds ratio [OR], 1.078 per 100 mL/day increase) and 
reatinine (OR, 0.996 per mmol/L increase) as signifi-
ant predictors of successful cessation. The predictive 
bility of urine output was negatively affected by the 
se of diuretic agents. As always happens with obser-
ational studies, establishing whether the repeat-RRT 
opulation would have achieved a different outcome 
y waiting for a better creatinine or urine output before 
topping RRT is not possible. Risk factors for redialy-
is were also analyzed by the National Taiwan Univer-
ity Surgical ICU Acute Renal Failure Study Group.74 In 
his study, RRT weaning of 94 postoperative patients 
as considered successful when prolonged for at least 
0 days (21%) and was correlated with the Sequential 
rgan Failure Assessment (SOFA) score, age, dialysis 
uration, and, again, urine output. Interestingly, of the 
atients who remained RRT-free for 5 days after RRT 
iscontinuation, more than two thirds remained RRT-
ree up to 30 days.

As a general recommendation, physicians should wait 
or adequate urine output (without diuretic therapy) 
nd optimized creatinine values before weaning from 
RT; the additional effect of patient glomerular filtra-
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renal function appears close to the baseline or the pre-
AKI level, interrupting the treatment without any spe-
cific weaning protocol seems reasonable. It is possible, 
on the other hand, that patients with signs of only par-
tial renal recovery may benefit from more specific and 
prolonged weaning algorithms. Examples would be a 
decrease of the UF rate or prescription of intermittent 
treatments where the therapy was previously continu-
ous. Future trials are needed to design, if possible, such 
protocols. Furthermore, evaluation of new renal bio-
markers as prognostic factors is intriguing to explore if 
they can predict when patients have recovered sufficient 
renal function to allow them to remain RRT-free once 
RRT is stopped.

ALTERNATIVE EXTRACORPOREAL 
SUPPORT TECHNIQUES

EXTRACORPOREAL CARBON DIOXIDE 
REMOVAL OR RESPIRATORY DIALYSIS

Lung protective ventilation is one of the main therapeu-
tic issues for patients with different severity of respira-
tory insufficiency. Basic components of lung protective 
strategy include the administration of low tidal volume 
(<6 to 8 mL/ideal body weight) and the maintenance of 
low airway pressures (<30 cm H2O plateau pressure) as 
evidence emerges that low tidal volumes reduce mortality 
in patients with ARDS who are mechanically ventilated. 
However, in low tidal volume ventilation, CO2 clearance 
may be impaired, leading to problems related to hyper-
capnia. In the large ARDS network, it has been demon-
strated that hypercapnia may complicate 14% of patients 
under lung protective ventilation strategy,75 whereas all 
patients with ARDS ventilated with pressures lower than 
28 cm H2O may suffer from hypercapnia.76 Hypercapnia 
may be undesirable because of its capability for harming 
injured lungs through immunosuppression and impaired 
pulmonary epithelial repair, worsening right heart failure 
and intracranial pressure in patients with elevated intra-
cranial pressure.77 When permissive hypercapnia cannot 
be applied for the aforementioned reasons, mechanical 
systems can be used to eliminate the CO2 (extracorporeal 
CO2 removal [ECCOR])76. Modern ECCOR devices have 
demonstrated improved survival when combined with 
ultraprotective ventilation ECCOR systems designed to 
eliminate CO2 without providing significant oxygenation 
(differently from ECMO systems). CO2 removal can be 
performed through a dedicated system (Fig. 107-9) that 
uses a pump-driven extracorporeal VV circuit with a neo-
natal membrane lung and a hemofilter coupled in series. 
Such a circuit requires a membrane lung to be coupled by 
a hemofilter. This is done to increase the pressure inside 
the membrane lung by adding the downstream resistance 
exerted by the hemofilter. This technical solution also 
reduces the risk of air bubble formation. Furthermore, 
the need for heparin is minimized by diluting the blood 
entering the membrane lung with the plasma water sepa-
rated by the hemofilter. Finally, the performance of the 
extracorporeal CO2 extraction is optimized as a result of 
the additional flow provided by ultrafiltered water recir-
culated into the membrane lung. The blood flow used 
for this device is not negligible (200 to 400 mL/min), 
and a normal dialysis vascular access is not adequate in 
this case.77 An alternative system exploits cardiac output 
and arterial blood pressure to move the blood through a 
low-resistance artificial lung (AV pumpless CO2 removal 
system; Interventional Lung Assist [iLA] Membrane Ven-
tilator, NovaLung GmbH, Heilbronn, Germany) (see Fig. 
107-5). Pumpless systems result in less blood trauma but 
require large-bore arterial cannulas and adequate blood 
flow and arterial pressure. General principles considered 
for ECMO are substantially valid for ECCOR with the 
basic difference that ECCOR systems work with lower 
blood flow rates (0.5 to 1.5 L/min) as a result of differ-
ences in CO2 and oxygen kinetics (CO2 is transported 
as dissolved bicarbonate and diffuses more readily than 
oxygen across extracorporeal membranes because of 
greater solubility).22 Because lower blood flow is neces-
sary, newer ECCOR devices use double-lumen cannulas 
similar to those used for dialysis (CO2 dialysis).78 For 
instance, the iLA Membrane Ventilator is designed with 
a pump capable of large flow rates (from 0.5 up to 6 to 
7 L/min), coupled with different membranes and cannu-
las. This new field of pulmonary extracorporeal assistance 
is developing new devices to increase effectiveness and 
simplicity of use. With extended indications to VV decap-
neization, it is possible that the requirement of injurious 
ventilation will significantly decrease and the outcomes 
of patients who are critically ill will improve further in 
the next 10 years.

HIGH CUTOFF HEMOFILTRATION OR 
HEMODIALYSIS AND PLASMA THERAPY

A potentially useful strategy to increase mediator 
removal in septic patients with extracorporeal therapy 
is by using high-cutoff (HCO) membranes, which are 
porous enough to achieve the removal of larger mol-
ecules (approximately 15 to 60 kD) by diffusion. Such 
RRT using HCO membranes in sepsis-related AKI has a 

Sweep gas

Sweep gas

Hemofilter

UF
pump

Blood
pump

Membrane
lung

To patientFrom patient

Ultrafiltrate

Figure 107-9. Blood is pumped through a membrane lung in series 
with a dialysis filter, and ultrafiltrate is returned to the blood before the 
membrane. UF, Ultrafiltrate.



might improve fluid balance management and capillary 
widely accepted biologic rationale. Its ability to remove 
cytokines in ex vivo and in vivo studies has now been 
shown to be greater than that of any other technology 
to date79 and has increased survival in experimental 
models of sepsis.80 HCO therapy seems to have benefi-
cial effects on immune cell function, and preliminary 
human studies using intermittent hemodialysis with 
HCO membranes have confirmed its ability to remove 
marker cytokines interleukin (IL)-6 and IL-1 receptor 
antagonist, with a decreased dose of norepinephrine 
in patients with sepsis.81 HCO membrane–based blood 
purification has now been applied in at least four clini-
cal studies to treat more than 70 patients with septic AKI 
with no reports of serious adverse effects. Predictably, 
albumin losses are significant but may be attenuated by 
using HCO membranes in a diffusive rather than con-
vective manner while still preserving the effect on cyto-
kine clearance.

The term plasma therapy actually encompasses two 
therapies: plasmapheresis and plasma exchange. In 
plasmapheresis, plasma separated from blood cells 
flows along one or more columns that contain differ-
ent adsorbents, after which the processed plasma is 
reinfused back to the patient. Plasma exchange is a 
single-step process in which blood is separated into 
plasma and cells and the cells are returned back to the 
patient while the plasma is replaced with either donor 
plasma or albumin. Replacing volume lost with fresh-
frozen plasma is also done to replete any factors needed 
to restore hemostasis or to correct the underlying dis-
order for which the plasma therapy was prescribed. 
With respect to sepsis, it has been argued that plasma 
therapy is most likely to be effective in patients with 
sepsis-associated thrombotic microangiopathy.82 An 
emerging hybrid technology called coupled plasma fil-
tration adsorption (CPFA) uses a resin cartridge placed 
downstream from a plasma filter, improving the 
removal of nonspecific septic mediators with promis-
ing results in early small trials.83-85 CPFA is aimed at 
nonselectively reducing the circulating levels and 
activities of both proinflammatory and antiinflamma-
tory mediators during sepsis and multiorgan failure. To 
overcome the shortcomings of plasma filtration and to 
improve removal efficiency, CPFA uses a specific sor-
bent cartridge placed in series with, but downstream 
to, the plasma filter. CPFA improves the removal of 
nonspecific mediators with promising results. Unfor-
tunately, as reported in a personal communication 
by Livigni, the recent multicenter trial (Combining 
Plasma-Filtration and Adsorption Clinical trial) to ver-
ify the effectiveness of CPFA in improving mortality 
of patients with sepsis-related AKI has been completed 
without meeting its primary endpoint. Interestingly, a 
subgroup analysis revealed that the mortality rate of 
treated patients with sepsis-related AKI was reduced by 
a CPFA dose (volume of treated plasma) of more than 
2 L/day. Furthermore, it is possible that improvement 
of the standard of care of patients who are critically ill 
decreased the mortality rate to the point such that a 
new trial on CPFA has been designed where mortality 
is not considered the primary endpoint.
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CONTINUOUS RENAL REPLACEMENT 
THERAPY IN PATIENTS REQUIRING 
EXTRACORPOREAL MEMBRANE 
OXYGENATION

A peculiar and complex category of critically ill patients 
is the one requiring both RRT and ECMO. This clinical 
picture is frequently observed in the pediatric setting. AKI 
occurs to the vast majority of children requiring ECMO, 
who suffer from severe cardiac dysfunction (cardiorenal 
syndrome) or require aggressive mechanical ventilation 
(lung-renal syndrome). The CRRT circuit may be placed in 
parallel (blood flows in the same direction of the ECMO 
circuit) or in series (blood flows counter to the direction of 
the ECMO circuit). Santiago and coauthors described how 
to connect the CRRT device into the ECMO circuit86: the 
inlet (arterial) line of the CRRT circuit is connected after 
the ECMO blood pump by a three-way tap that is also used 
for the infusion of heparin, and the outlet (venous) line 
is connected to the circuit at another tap before the oxy-
genator. Contrary to what was suggested by the authors, 
the inlet of the CRRT machine may be connected after 
the ECMO pump and the filter outlet then returned to the 
ECMO circuit before the pump (into the reservoir, if pres-
ent). The CRRT circuit, running countercurrent to extra-
corporeal assistance, allows the RRT blood to be aspirated 
from the arterial ECMO section (where blood returns to 
the patient) and then to be infused into the venous ECMO 
section (where the patient is drained).87 This second set-
up might reduce blood flow resistance and turbulence 
after the centrifugal pump and improve reservoir drain-
age when a roller pump is present. The blood recirculation 
induced by these circuit set-ups is negligible, considering 
that the CRRT:ECMO blood flow ratio is never superior to 
0.1. Dr. Shaheen and colleagues88 recently presented their 
experience with two different subgroups of children; one 
group required hemofiltration alone and the second group 
required hemofiltration and ECMO. Not surprisingly, the 
authors identified a higher mortality rate in those patients 
requiring CVVHDF and ECMO, compared with those 
patients requiring hemofiltration alone. The authors pro-
moted the concept that certain therapies should be reserved 
to experienced teams. Performing CVVHDF in a heteroge-
neous population with large age and weight ranges poses 
significant clinical and technical challenges. The low fre-
quency of CVVHDF used in ECMO, as well as the use of 
other extracorporeal therapies, also raises problems with 
maintaining nursing skills. Objective clinical and bio-
chemical markers for commencing CVVHDF alone or in 
combination with ECMO remain to be defined. Several 
studies, however, have already showed safety and feasibil-
ity of this connection in the pediatric setting89 and, even 
if some worries on such difficult interaction have been 
raised (i.e., fluid balance accuracy),90 today, the applica-
tion of CRRT to all patients requiring ECMO is claimed by 
some authors.91 It has been shown in 15 patients matched 
with 46 historical controls that adding continuous hemo-
filtration to the ECMO circuit in newborns improves out-
come by significantly reducing the time on extracorporeal 
assistance and on mechanical ventilation; such a strategy 
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leak syndrome. Furthermore, according to these authors, 
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ewer blood transfusions are needed and overall costs per 
CMO run are lower.

ONCLUSIONS

n recent years, great technologic improvements have 
een made in the manufacture of extracorporeal circuits, 
endering them simpler, safer, and more efficient for 
ong-term assistance. The new ECMO and CRRT systems 
an be managed by one bedside nurse who is trained and 
xperienced in circuit management, and it is now pos-
ible to assist patients for several weeks or even months 
ithout major complications.
Although recent studies suggest that ECMO might 

mprove the outcomes of patients with respiratory fail-
re or cardiogenic shock, or both, indications for ECMO 
se remain controversial. Interestingly, a similar parallel 
iscussion could be conducted for RRT systems. None-
heless, evidence and experience favoring lung protec-
ive ventilation strategies and timely continuous blood 
urification in patients who are critically ill with cardio-
espiratory and/or kidney failure is accumulating apart 
rom large trials showing unequivocal evidence. As a 
onsequence, simpler, smaller, and less invasive extracor-
oreal devices are being developed and more and more 
requently applied in ICUs.

In the future, ECMO, CRRT, extracorporeal CO2 
emoval devices, hemoperfusion, adsorption, or plasma-
ltration and adsorption (for either CPFA or liver support) 
ill be integrated into a single multifunction machine 
ith a user-friendly interface and flexibility in parameters 
nd prescriptions, designed to respond to different medical 
eeds with the use of different disposable layouts. Finally, 
dvances in information technology should allow the fully 
ntegrated extracorporeal blood purification system to be 
onnected to all electronic therapeutic devices (from sim-
le syringe pumps to CRRT machines) to ultimately lead to 
n artificial organ in a more complete sense.
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Cardiopulmonary Resuscitation:  
Basic and Advanced Life Support
BRIAN P. MCGLINCH • ROGER D. WHITE

K e y  P o i n t s

 •  Circulation, airway, breathing (CAB) has replaced airway, breathing, circulation 
(ABC). The provision of uninterrupted, high-quality chest compressions after 
sudden cardiac arrest (SCA) is associated with better survival and neurologic 
outcomes than when airway interventions occur first with cardiac arrests in both 
adult and pediatric patients. Chest compressions should be immediately initiated 
on discovery of a suspected cardiac arrest.

 •  A single resuscitative shock should be delivered at the earliest possible opportunity 
after the recognition of cardiac arrest, followed immediately by the resumption of 
chest compressions without postshock cardiac rhythm analysis. Outcome studies 
have failed to demonstrate the benefit of a period of chest compressions before 
shock or for a series of stacked shocks.

 •  Advanced airway placement is no longer a priority intervention during cardiac 
resuscitation. Evidence demonstrating the benefit of tracheal tube placement on 
successful resuscitation from cardiac arrest is lacking.

 •  The use of vasopressor medications during resuscitation attempts for SCA has 
been de-emphasized in deference to providing uninterrupted, high-quality chest 
compressions. Epinephrine, vasopressin, and amiodarone have all demonstrated 
improved rates of resuscitation without affecting those surviving to hospital discharge.

 •  The use of ultrasound technology should be used, when available, for identifying 
potentially correctable sources of cardiac arrest, as well as for evidence justifying 
the termination of resuscitative efforts.

 •  Targeted temperature management (also known as therapeutic hypothermia) 
applied to comatose survivors of out-of-hospital cardiac arrests, resulting from 
shockable lethal cardiac dysrhythmias, has significantly improved the neurologic 
recovery in those surviving to hospital discharge. Increasingly, this therapy is being 
extended to those resuscitated from nonshockable lethal cardiac dysrhythmias.

 •  Pediatric resuscitation protocols have been simplified to improve rescue 
performance. Chest compressions should be performed at a rate of 100 per 
minute with two breaths interposed after every 30 compressions (consistent 
with adult resuscitation). Single rescuers should call for help before initiating 
resuscitation efforts. Chest compressions should be initiated if an infant is found 
with a pulse lower than 60 beats per minute.

 •  Children weighing more than 10 kg and experiencing lethal cardiac dysrhythmias 
can be defibrillated with adult defibrillation pads. At least 3 cm should separate 
the defibrillation pads. Infant defibrillation paddles are recommended for children 
younger than 1 year of age or weighing less than 10 kg. An initial defibrillation 
dose of 2 J/kg is recommended.

 •  Most deaths after SCA in both adults and children typically occur within the 
first 24 hours. Coordinated postresuscitation care involving access to coronary 
catheterization capabilities and intensive care management that includes targeted 
temperature management represents the best chance survivors of SCA have for 
optimal neurologic and cardiac recovery.

 •  Technologic advances augmenting native systemic circulation in low states of 
cardiac output, including cardiac arrest, is an active area of clinical research at 
this time. Although the results of several studies are hopeful, more consistent 
and reproducible evidence is necessary before new resuscitative technology is 
incorporated in resuscitation protocols.
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Although the history of resuscitation can be traced to at
least biblical times,1 contemporary approaches to cardio-
pulmonary resuscitation (CPR) date back to 1966, when a
National Academy of Sciences National Research Council
conference generated consensus standards for the perfor-
mance of CPR.2 Since that time, successive conferences
have reviewed the practice of CPR in light of available
experimental and clinical data and have prepared revisions
of previous standards.3-10 The most recent recommenda-
tions, the 2010 American Heart Association Guidelines for
Cardiopulmonary Resuscitation and Emergency Cardiovas-
cular Care (2010 AHA Guidelines for CPR and ECC), rep-
resent the third internationally recognized resuscitation
guidelines developed by experts from the American Heart
Association (AHA) and the European Resuscitation Coun-
cil (ERC); as such, these guidelines represent a variety of
countries, cultures, and medical specialties.

Each intervention included in the new guidelines has
undergone comprehensive evidence-based evaluation of
the available scientific information supporting its uses in
emergency cardiovascular care and resuscitation, as well
as structured and transparent process for managing poten-
tial conflicts of interest. Both basic life support (BLS) and
advanced cardiac life support (ACLS) are established on
credible foundations and have enjoyed widespread accep-
tance in the emergency cardiovascular care community.
Indicative of this acceptance is the widespread popularity
of the AHA BLS and ACLS training programs and related
training materials. The intent of this chapter is to review
the premise, rationale, and techniques for the performance
of both BLS and ACLS in light of current understanding and
as published in the AHA textbooks on BLS11 and ACLS.12

Modifications and reconsideration of the guidelines
for emergency care of those in cardiac arrest have pro-
vided recommendations for interventions that have saved
thousands of lives for nearly 50 years. Despite these care-
ful reviews and the development of guidelines, survival to
hospital discharge from witnessed out-of-hospital sudden
cardiac arrest (SCA) attributable to ventricular fibrillation
(VF) remains less than 10% worldwide.13 The majority
of patients experiencing sudden cardiac death cannot be
resuscitated even when SCA is immediately recognized
and resuscitation guidelines are closely followed.

Restating the performance of all BLS CPR procedures,
which can be reviewed in the guidelines and also in the AHA
BLS text, is not the intention of this chapter.11 Rather, both
BLS and ACLS are reviewed within the contexts of their appli-
cation by anesthesia providers in operating rooms, intensive
care units (ICUs), and other patient care environments.

SUDDEN CARDIAC ARREST AND 
CARDIOPULMONARY RESUSCITATION

SCA is a complex and dynamic process. Antegrade sys-
temic arterial blood flow continues after cardiac arrest
until the pressure gradient between the aorta and right
heart structures reach equilibrium. A similar process occurs
during cardiac arrest with antegrade pulmonary blood flow
between the pulmonary artery and the left atrium.14-16 As
the arteriovenous pressure gradients dissipate, the left heart
becomes less filled, the right heart becomes more filled,
and the venous capacitance vessels become increasingly 
distended (Fig. 108-1). When the arterial and venous pres-
sures equilibrate (approximately 5 minutes after cardiac 
arrest), coronary perfusion and cerebral blood flow stop.

PHYSIOLOGIC CONSIDERATIONS

Since the early 1960s when CPR became a widespread 
clinical technique, blood was thought to be ejected as a 
direct result of actual compression of the heart between 
the sternum and the vertebral column and was commonly 
referred to as the cardiac pump mechanism. Transesopha-
geal echocardiography during CPR in humans provides 
an opportunity for assessing changes in cardiac dimen-
sions and valve positions during chest compressions, as 
well as the direction of blood flow. Observations made 
with echocardiography during CPR depict a reduction in 
left and right ventricular volume, closure of the tricuspid 
and mitral valves during chest compression, and ejection 
of blood into the arterial system, all of which are consis-
tent with the cardiac pump mechanism (Fig. 108-2).17-20

Repeated, forceful coughing (cough CPR) can sustain 
consciousness during hypotensive events including VF 
for as long as 100 seconds when the arrhythmia (or any 
arrhythmia capable of rapidly compromising cardiac out-
put) is immediately recognized and the patient can be 
verbally prompted to cough. This observation of main-
taining consciousness with coughing suggests mecha-
nisms other than direct cardiac compression may account 
for forward blood flow during cardiac arrest.21 Vigorous 
coughing produces an arterial pressure pulse associated 
with forward blood flow that opens the aortic valve dur-
ing pressure and flow generation.22 This process is com-
monly referred to as the thoracic pump mechanism (see  
Fig. 108-2). The increasing intrathoracic pressure during 
chest compression equalizes intravascular pressure within 
the thorax. On the venous side, valve and venous collapse 
at the thoracic inlet limit the transmission of retrograde 
pressure or flow. The arterial system, which is relatively 
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Figure 108-1. Coronary perfusion pressure. Impact of effective CPR 
with the LUCAS device. CPR, Cardiopulmonary resuscitation; D, defibrilla-
tion; VF, ventricular fibrillation. (From Steen S, Liao Q, Pierre L, et al: The criti-
cal importance of minimal delay between chest compressions and subsequent 
defibrillation: A haemodynamic explanation, Resuscitation 58:249, 2003.)
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Figure 108-2. A, Systematic rep-
resentation of cardiac compression 
pump. B, Intrathoracic pressure 
pump, representing the collapse 
(C) of airways and venous struc-
tures. LV, Left ventricle; RV, right 
ventricle.
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resistant to collapse, transmits pressure and flow into the 
extrathoracic vascular system. Some studies suggest that 
during compression or vigorous coughing, the left side of 
the heart may act as a passive conduit for the transfer of 
pulmonary venous blood out into the peripheral arterial 
circulation. During compression, blood flows from the 
lungs through the left ventricle and toward the periph-
ery. The pulmonary valve is closed, and the mitral and 
aortic valves are open during periods of high intratho-
racic pressure when the chest is compressed.23

Both the cardiac pump and thoracic pump mechanisms 
exist at times during resuscitation attempts. Electrocardi-
ography has confirmed the cardiac pump theory. Cough 
CPR is effective in maintaining consciousness, at least in 
the early period after the onset of a lethal arrhythmia, 
consistent with the thoracic pump theory. Chest compres-
sions during cardiac arrest may initially promote a cardiac 
pump mechanism attributable to the presence of blood 
in the left side of the heart. As pressure gradients between 
the arterial and venous systems equilibrate during pro-
longed resuscitation, pulmonary blood volume increases 
and probably supports a thoracic pump mechanism.

Systemic, coronary, and cerebral blood flow during 
CPR is dependent on effective chest compressions but 
also on the venous blood return to the heart. At chest 
compression rates of 100 per minute, the chest compres-
sion-relaxation ratio approaches 50:50. The time avail-
able for blood return into the thorax is limited. Venous 
blood returns to the thorax at very low pressures during 
cardiac arrest. Modest increases in intrathoracic pressure, 
as might occur with overzealous ventilation during CPR, 
will impair venous return and negatively impact sys-
temic, coronary, and cerebral perfusion and also reduce 
the chances of return of spontaneous circulation (ROSC).
Cardiac output during CPR with effective, uninter-
rupted chest compression is 25% to 30% of the normal 
spontaneous circulation. Systemic and pulmonary perfu-
sion during CPR reflects the decreased cardiac output as 
demonstrated by weak carotid pulses with chest compres-
sion and low carbon dioxide excretion (addressed later in 
this chapter). In cardiac arrests without hypoxic causes 
(e.g., drowning, suffocation), oxygen content in the lungs 
at the time of cardiac arrest is usually sufficient for main-
taining acceptable arterial oxygen content during the first 
several minutes of CPR. Rescue breaths are less important 
than initiating chest compressions immediately after the 
onset of SCA. Blood flow rather than arterial oxygen con-
tent is the limiting factor for oxygen delivery to coronary, 
cerebral, and systemic circulation during CPR.

BASIC LIFE SUPPORT

BLS involves the early recognition of a medical emer-
gency, activation of an emergency response system (e.g., 
dialing 9-1-1 in the United States), and interventions 
made in response to SCA, heart attack, stroke, and for-
eign body airway obstruction (FBAO). No equipment is 
required for these interventions, except for access to a 
telephone or an automated external defibrillator (AED), 
or both. AEDs are included in BLS interventions because 
of their widespread availability in public spaces (e.g., air-
ports, schools, shopping centers, hospitals, casinos, sport-
ing arenas), their uncomplicated application, automated 
cardiac rhythm analysis, and administered shocks (if 
indicated, based upon AED cardiac rhythm analysis).

All BLS interventions (Table 108-1)24 are time sensi-
tive for preventing SCA, terminating SCA, or supporting 
circulation until spontaneous circulation is restored after 
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TABLE 108-1 SUMMARY OF KEY BLS COMPONENTS FOR ADULTS, CHILDREN, AND INFANTS 

Recommendations

Component Adults Children Infants

Recognition Unresponsive (for all ages)
No breathing or no normal breathing (e.g., only 

gasping)
No breathing, only gasping

No pulse palpated within 10 seconds (HCP only)
CPR sequence CAB
Compression rate At least 100 per minute
Compression depth At least 2 inches (5 cm) At least one-third AP 

depth; about 2 
inches (5 cm)

At least one-third AP 
depth; about 1.5 
inches (4 cm)

Chest wall recoil Allow complete recoil between compressions.
HCPs rotate compressors every 2 minutes.

Compression interruptions Minimize interruptions in chest compressions.
Attempt to limit interruptions to less than 10 seconds.

Airway Head tilt–chin lift (HCP suspected trauma: jaw thrust)
Compression:ventilation 

ratio (until advanced 
airway is in place)

30:2
one or two rescuers

30:2
single rescuer
15:2
two HCP rescuers

30:2
single rescuer
15:2
two HCP rescuers

Ventilations when rescuer 
is untrained or is trained 
but not proficient

Compressions only

Ventilations with advanced 
airway (HCP)

One breath every 6-8 seconds (8-10 breaths per minute)
Asynchronous with chest compressions
Approximately 1 second per breath
Visible chest rise

Defibrillation Attach and use AED as soon as available.
Minimize interruptions in chest compressions  

before and after shock.
Resume CPR beginning with compressions  

immediately after each shock.

From Peberdy MA, Callaway CW, Neumar RW, et al: Part 9: post-cardiac arrest care:2010 American Heart Association Guidelines for Cardiopulmonary Resuscita-
tion and Emergency Cardiac Care, Circulation 122: (18 Suppl 3),S768-S786, 2010.

AED, Automated external defibrillator; AP, anteroposterior; BLS, basic life support; CAB, circulation, airway, breathing; CPR, cardiopulmonary resuscitation; 

HCP, health care provider.
SCA. In the 5-year interim between the 2005 and 2010, 
the AHA BLS recommendations, clinical evidence, and 
survivor outcomes after sudden cardiac death support 
making uninterrupted chest compressions the priority 
intervention, above airway management, rescue breath-
ing, and pulse check.24 Airway, breathing, circulation 
(ABC) has been replaced by circulation, airway, breath-
ing (CAB) for both adult and child resuscitations.24 Lay 
rescuers and health care professionals alike, frequently 
misinterpret agonal gasping respirations as spontaneous 
ventilation and fail to recognize the absence of a pulse 
early after the onset of SCA.24,25 Because the breathing 
and pulse assessments are almost uniformly inaccurate, 
regardless of the rescuer’s medical training,24,26,27 and the 
need to initiate CPR as soon as possible after the onset 
of SCA to maximize the chances of successful resuscita-
tion, chest compressions should be immediately initiated 
on recognizing unresponsiveness in a potential victim of 
SCA.24 Thirty chest compressions conducted at a rate of 
100 per minute are followed by two rescue breaths (30:2) 
in adults and children resuscitations.

“Push hard and push fast” remains the recommenda-
tion for chest compressions during CPR.24 Although evi-
dence from human studies that identify the ideal chest 
compression rate is insufficient, current recommendations 
are for chest compressions to occur at a rate of 100 per 
minute with minimal interruptions in both adult and 
childhood cardiac arrests. In adults, chest compressions 
should be at least 2 inches (5 cm) deep. In children, chest 
compressions should be one-third the depth of the tho-
rax. In a large study evaluating the quality of CPR (i.e., 
depth of chest compressions as recommended in the 
2010 AHA Guidelines for CPR and ECC) on survival from 
out-of-hospital cardiac arrest, compression depth and rate 
influenced resuscitation from cardiac arrest.28 Although 
the majority of prehospital chest compressions did not 
meet the 2010 AHA chest compression depth recommen-
dations (i.e., 50 mm), those patients with chest compres-
sion depth and rate nearer to the 2010 AHA Guidelines 
for CPR and ECC had more frequent survival rates than 
those with less optimal chest compressions.

Interruptions in chest compressions negatively affect 
coronary and cerebral perfusion, ROSC, and survival.29,30 
The 2010 AHA Guidelines for CPR and ECC reflect these 
observations with an increased emphasis on limiting inter-
ruptions in chest compressions, even for other resuscitative 
measures (e.g., rescue breaths, advanced airway placement, 
defibrillation, postshock rhythm analysis, pulse checks).31 
During single- and two-person CPR, the 2010 AHA Guide-
lines for CPR and ECC recommend compression:ventilation 
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ratios of 30:2 in both scenarios with minimal interruptions 
in chest compressions for rescue breaths. In the absence 
of native cardiac function and systemic circulation, CPR 
is performed until spontaneous circulation returns or the 
patient is pronounced dead. Although CPR is far less effi-
cient than native circulation, when properly performed 
with limited interruptions, CPR can provide coronary cir-
culation and cerebral blood flow sufficient to afford full 
recovery in many patients if ROSC can be re-established.

Compression-only resuscitation may be a potential 
mechanism for encouraging resuscitation in the general 
population when potential rescuers are uncomfortable or 
unwilling to provide rescue breaths. Without question, 
prompt initiation of chest compressions in the individ-
ual with SCA can be lifesaving. However, in a large study 
of 40,000 Japanese victims of SCA, those who received 
compression-only CPR had lower 1-month survival rates 
and lower improved neurologic recovery, compared with 
conventional CPR that included rescue breaths.32 The 
authors also noted reduced survival when CPR was not 
promptly initiated, as well as a reduced neurologic recov-
ery with advancing age, regardless of the CPR method. 
For the best chances of survival after SCA, conventional 
CPR is superior to compression-only CPR.

In a similar approach, Bobrow and associates33 evalu-
ated placing a close facemask with high flow oxygen on 
out-of-hospital patients in cardiac arrest during resus-
citation as their initial airway intervention. They then 
compared survival to hospital discharge outcomes and 
neurologic recoveries of those provided close facemask 
oxygenation for patients receiving bag-valve-mask venti-
lation. Advanced airway placement was pursued after the 
initial 600 chest compressions in all patients. This novel 
approach, limiting interruptions in chest compressions 
only for cardiac rhythm analysis and defibrillation in the 
early course of resuscitation, provided insight into the 
value of ventilation and oxygenation in the early stages 
of resuscitation. They report survival to hospital discharge 
outcomes and neurologic recoveries were no different 
between ventilation groups for patients experiencing 
unwitnessed cardiac arrests or those for whom the initial 
cardiac rhythm was nonshockable. However, for patients 
with witnessed cardiac arrests and shockable initial 
arrhythmias, neurologic outcomes were improved in those 
receiving passive oxygenation rather than bag-valve-mask 
ventilation (38.2% versus 25.8%, adjusted odds ratio [OR] 
2.5, 95% confidence interval [CI] 1.3-4.6). These results 
further establish the importance of high-quality, uninter-
rupted chest compressions, and a de-emphasis of airway 
interventions early in the resuscitative process.

Another example justifying the 2010 AHA Guidelines for 
CPR and ECC’s emphasis on high quality, uninterrupted 
chest compressions comes from a large (N = 3960) obser-
vational study evaluating resuscitation and neurologic out-
comes for out-of-hospital cardiac arrests from nonshockable 
cardiac arrhythmias.34 During the 10-year period, the final 
5 years’ resuscitation and survival results were compared 
with the initial 5 years’ results. During that time period, 
AHA resuscitation guidelines had been modified, result-
ing in improved quality of chest compressions and limited 
interruption in chest compressions for other resuscitative 
measures. Although survival from nonshockable cardiac 
arrhythmias remains significantly lower than shockable 
arrhythmias, the 2005 AHA Guidelines for CPR and ECC, 
with its emphasis on high quality, uninterrupted chest 
compressions, resulted in statistically significant improve-
ments in ROSC (from 27% to 34%), discharge from hospi-
tal (4.6% to 6.8%), discharged with favorable neurologic 
outcomes (3.4% to 5.1%), survival to 1 month (4.1% to 
6.2%) and survival to 1 year (2.7% to 4.9%).

Multiple modifications to standard CPR and mechanical 
adjuncts to improve circulation (e.g., interposed abdomi-
nal compression, mechanical chest compression devices, 
impedance threshold devices) have only shown modest 
benefit in re-establishing spontaneous circulation. How-
ever, none has demonstrated improved survival to hospi-
tal discharge when compared with standard CPR. What is 
certain is that CPR, regardless of the mechanism of blood 
flow and technique, is only a temporizing intervention in 
need of rapid supplementation with ACLS interventions, 
most critically, rapid defibrillation of the fibrillating heart. 
No device, other than a defibrillator, has been associated 
with consistently improved survival from cardiac arrest.

Shock First or Cardiopulmonary 
Resuscitation?
Previous guidelines recommended a period of CPR before 
attempting defibrillation in unwitnessed cardiac arrests 
or when CPR had been delayed longer than 4 minutes. 
However, evidence recommending routine delivery of 
CPR for 90 to 180 seconds before attempting defibrilla-
tion is insufficient, based on the results of two random-
ized control trials that failed to demonstrate a benefit to 
ROSC or hospital discharge when CPR was performed 
before defibrillation.35,36 The results of a retrospective 
before-and-after study demonstrated improved 30-day 
and 1-year neurologic recovery if CPR is performed before 
defibrillation,37 and the results of a large observational 
study demonstrated the probability of survival from out-
of-hospital cardiac arrest was improved as the number 
of preshock chest compressions increased.38 Practically, 
chest compressions should be immediately initiated 
upon encountering an individual in SCA and continued 
until an AED is applied, charged, and ready to defibrillate.

Automated External Defibrillators and 
Manual Defibrillation
The most frequent cardiac rhythm responsible for witnessed 
cardiac arrest in adults is VF, although the incidence of VF 
is decreasing.39 VF is a highly metabolically active state for 
the myocardium. In the presence of VF, myocardial stores 
of oxygen and metabolic substrates are rapidly depleted. 
Chest compressions deliver oxygen and energy substrates 
to the myocardium, improving the chances for defibrilla-
tion. CPR prolongs the duration of VF but cannot convert 
the arrhythmia to an organized rhythm in most circum-
stances. Defibrillation is the process of delivering an elec-
trical current between two pads placed on the chest with 
sufficient current passing between the pads and through 
the myocardium to interrupt disorganized cardiac activity 
and restore an organized cardiac rhythm or asystole for at 
least 5 seconds.40 Defibrillation is not synonymous with 
resuscitation. Successful termination of VF requires effec-
tive chest compressions and prompt defibrillation.
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The AHA has included early defibrillation with an 
AED as part of BLS training. The AHA has also endorsed 
the concept of public-access defibrillation (PAD), which 
encourages the policy of making defibrillation available 
to those in cardiac arrest through nonconventional pro-
viders, such as police, security guards, and others. The 
AED, when applied to an individual with possible SCA, 
is capable of analyzing the cardiac rhythm, detecting VF 
and rapid ventricular tachycardia (VT), then automati-
cally attempts defibrillation. A trained rescuer’s role is to 
apply the defibrillator pads to the patient’s chest, activate 
the AED, and deliver the shock through the push of a 
button when prompted to do so by the AED. The entire 
sequence, AED application through discharge of energy 
and postdefibrillation rhythm analysis, should be con-
ducted in the presence and with minimal interruption of 
chest compressions.

The first AED was introduced in 1979.41 In 1986, the 
first microprocessor-based AED was introduced; the AED 
used three successive, nonescalating, 180-J monophasic 
damped waveform shocks. Advances in defibrillator tech-
nology, including conversion from monophasic to bipha-
sic defibrillator waveforms, resulted in smaller, lighter 
units with more accurate rhythm analysis.

An issue faced by trained rescuers is the wide avail-
ability of AED devices encountered in both health care 
facilities and PAD settings. Considering the cost, longev-
ity, and low-maintenance nature of AEDs, replacement 
of previous-generation devices programmed with out-
dated defibrillation protocols will probably have a low 
priority by those responsible for managing the devices. 
As a result, a rescuer applying an AED may find outdated 
rhythm analysis (prolonged interruption of chest com-
pressions) and defibrillation protocols (e.g., three stacked 
shocks without interposed chest compressions). At this 
time, deferring to AED protocol, even if outdated, may be 
more helpful than attempting to circumvent the protocol 
and “trick” the AED into following more current proto-
cols. A manual defibrillator should be obtained at the ear-
liest opportunity if an outdated AED protocol interferes 
with resuscitation attempts.

In circumstances during which standard defibrillators 
rather than AEDs are used in resuscitation, the rescuer 
must recognize the technology inherent in the defibrilla-
tor. When a manual defibrillator is activated, the rhythm 
screen typically identifies the defibrillator technology as 
either monophasic or biphasic. The manual defibrillator 
should be managed with a protocol identical to current 
AED protocols: (1) emphasis is placed on delivering unin-
terrupted chest compressions while defibrillator pads are 
being applied and for periods when rhythm analysis is 
not occurring; (2) chest compressions are immediately 
resumed after shock delivery; (3) cardiac rhythm is reana-
lyzed as indicated after 2 minutes of chest compressions 
and rescue breathing; and (4) defibrillation is attempted 
only for VF and rapid VT. If a monophasic defibrillator is 
available, then defibrillation energy should begin at high 
energies (300 to 360 J).42

Single Versus Stacked Defibrillation
Beginning in 2005, the AHA recommended a single shock 
from an AED or manual defibrillator be administered, after 
nary Resuscitation: Basic and Advanced Life Support 3187

hich chest compressions and rescue breaths were imme-
iately resumed for 2 minutes before repeating cardiac 
hythm analysis. This approach was reaffirmed in the 2010 
HA Guidelines for CPR and ECC.43 Chest compressions 
re continued until the defibrillator is ready to deliver 
he shock and is resumed immediately thereafter without 
aiting for cardiac rhythm analysis. In most instances, 

he heart is at least transiently “stunned” by defibrillatory 
hocks and benefits by a period of coronary blood flow 
elivered through chest compressions. In the event that 
 patient has invasive hemodynamic monitoring in place 
t the time of cardiac arrest and if an organized cardiac 
hythm with a perfusing arterial waveform follows defi-
rillation, then chest compressions may not be indicated.

At this time, the only indications for multiple defi-
rillation attempts to be given without 2-minute peri-
ds of chest compressions and ventilation are for the 
ery specific resuscitation efforts provided during cardiac 
urgery or in the cardiac catheterization laboratory.40,43 
hese patients typically have existing invasive monitors 
nd defibrillation pads at the time of VF or VT, and the 
nset of VF is immediately recognized. Only one series 
f stacked shocks is indicated during these resuscitations.

iphasic Defibrillation Waveforms
iphasic defibrillation waveforms deliver energy first 

n one direction and then reversed for the duration of 
he impulse. One of two biphasic waveforms is used in 

odern AEDs and defibrillators; biphasic truncated and 
ectilinear biphasic (Figs. 108-3 and 108-4).40 Both wave-
orms are effective for terminating VF using energy levels 
pecific to each. No randomized clinical trial has dem-
nstrated superiority of one waveform over the other 
ith respect to neurologically intact survival to hospital 
ischarge. Impedance-compensated, nonescalating low-
nergy biphasic waveforms (150 J) were first introduced 
n 1996 and have been shown to be more successful in 
erminating VF than are traditional, escalating-energy 

onophasic waveforms (200 to 300 J) in the controlled 
etting of an electrophysiology laboratory.44-46

Impedance compensation allows the defibrillator to 
hange waveform morphologic characteristics based 
pon impedance measured during shock delivery (typi-
ally 70 to 80 Ohms) to generate transthoracic current 
apable of defibrillation, regardless of patient weight.47 
iphasic defibrillation waveforms and impedance com-
ensation, together, allow effective defibrillation at lower 
nergies than with monophasic, nonimpedance compen-
ated monophasic waveforms.48-51

A high first-shock defibrillation rate can be expected 
fter biphasic defibrillation shocks. If VF persists after 
 biphasic shock, then additional chest compressions 
hould be delivered to replenish myocardial oxygen and 
etabolic substrates, rather than additional shocks.40 
lthough the first biphasic waveform shock should not 
e less than 150 J regardless of waveform, Hess and asso-
iates52 reported the performance of a rectilinear bipha-
ic waveform during nonescalating energy protocols  
120 J-120 J-120 J) demonstrating a frequent rate of shock 
uccess in terminating VF and unchanged ROSC or sur-
ival to hospital discharge when this lower, nonescalat-
ng energy approach was used.
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Figure 108-3. Biphasic truncated exponential wave-
form. (From Deakin CD: Advances in defibrillation, Curr 
Opin Crit Care 17(3):233, 2011. Used with permission.)
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In circumstances in which pediatric patients require 
defibrillation, modification of adult defibrillation proce-
dures is necessary. If possible, pediatric defibrillator pads 
should be applied in the anteroposterior position. Ini-
tial energy levels should range from 2 J/kg to 4 J/kg. At 
this time, no information is available suggesting higher 
defibrillation energies in children are unsafe. These rec-
ommendations are unchanged from previous AHA resus-
citation guidelines (also see Chapter 93).

Additional discussion related to cardioversion and 
defibrillation is included in the treatment algorithms for 
specific arrhythmias presented later in this chapter.

Implanted Cardiac Defibrillators
In some patients at risk for lethal arrhythmias, defibrilla-
tors are implanted to provide immediate, automatic defi-
brillation (also see Chapter 48). Implantable cardioverter 
defibrillators (ICD) are recognized as the most effective 
treatment for patients at risk for recurrent life-threaten-
ing arrhythmias that are not due to a transient, revers-
ible cause.53,54 Class I indications for ICD placement 
are shown in Box 108-1.54 Class I indications for ICD 
placement for patients with congestive heart failure are 
shown in Box 108-2.54 A number of class II indications 
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Figure 108-4. Rectilinear biphasic waveform. (From Deakin CD: 
Advances in defibrillation, Curr Opin Crit Care 17(3):233, 2011. Used 
with permission.)
for implantation of ICDs exist, primarily establishing 
guidelines for ICD use in patients believed to be at high 
risk for lethal arrhythmias without a history of cardiac 
arrest. Class III indications for ICD placement are typi-
cally related to patients with such severe underlying dis-
ease in whom survival beyond 12 months is unlikely with 
or without ICD placement.

For patients with ICD devices, any suggestion or con-
firmation of ICD activation warrants prompt clinical 
evaluation and ICD interrogation confirming the pres-
ence of an arrhythmia. If VF or VT has occurred, then 
one of three broad categories is likely to have occurred.53 
First, the ICD activation represents an isolated arrhyth-
mia in a patient with modest heart disease and preserved 
functional capacity during which the ICD discharge cor-
rected what is likely an isolated event. Long-term sur-
vival is likely. Second, the ICD activation represents an 

 •  Survivors of cardiac arrest caused by ventricular fibrillation or 
hemodynamically unstable sustained ventricular tachycardia 
after evaluation to diagnose cause of event to exclude com-
pletely reversible causes

 •  Structural heart disease and spontaneous sustained ventricular 
tachycardia, whether hemodynamically stable or unstable

 •  Syncope of undetermined origin with clinically relevant, 
hemodynamically significant sustained ventricular tachycardia or 
ventricular fibrillation induced at electrophysiologic study

 •  Left ventricular ejection fraction <35% caused by prior myocar-
dial infarction at least 40 days previously and New York Heart 
Association class II or III

 •  Nonischemic dilated cardiomyopathy with left ventricular ejec-
tion fraction ≤35% and New York Heart Association class II or III

 •  Left ventricular ejection fraction <30% caused by prior myocar-
dial infarction at least 40 days previously and New York Heart 
Association class I

 •  Nonsustained ventricular tachycardia caused by myocar-
dial infarction, left ventricular ejection fraction <40%, and 
 inducible ventricular fibrillation or sustained ventricular 
 tachycardia at electrophysiologic study

BOX 108-1 Class I Indications for 
Implantable Cardioverter Defibrillator 
Placement

From Aronow WS: Implantable cardioverter-defibrillators, Am J Ther 17:e208, 
2010.
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unfavorable change in previously stable cardiovascular 
disease. The arrhythmia may signal the onset of heart 
failure, myocardial infarction or ischemia, worsening val-
vular function, or an additional, serious medical condi-
tion. Third, in patients with significant or severe heart 
disease, ICD activation represents further progression of 
the underlying disease and represents a very poor prog-
nosis. In most circumstances, ICD activation represents 
an important decline in a patient’s underlying condition.

The ICD delivers defibrillation energy directly to the 
myocardium; usually 40 J. Patients with ICDs are usually 
aware of the ICD activation, prompting requests for help. 
When malignant arrhythmias are detected by the ICD, up 
to eight shocks are administered unless new arrhythmias 
are detected, sometimes resulting in more than eight 
shocks.40 After any confirmed or suspected ICD firing, 
prompt interrogation of the unit is indicated.

An ICD shock should signal to rescuers the need to 
prepare for ACLS, including the placement of defibril-
lation pads, cardiac monitoring, and intravenous (IV) 
access. The placement of defibrillation pads should be 
away from the ICD (usually found under the left or right 
pectoralis muscle) to prevent damage to the ICD and to 
reduce the likelihood that pacing spikes from the ICD are 
misinterpreted by the AED (if manual defibrillators are 
not available) as QRS complexes. ICD activity can be sus-
pended by applying a pacemaker magnet over the ICD in 
those circumstances where the ICD competes with man-
ual interventions associated with the resuscitation.

Airway Management and Ventilation  
in Cardiac Arrest
Anesthesia providers know that ventilation is critical for 
ROSC and for organ preservation during cardiac arrest 
(also see Chapter 55). The AHA ACLS training program 
has effectively conveyed this treatment as a priority but 
after the initiation of chest compressions and with mini-
mal interruption of chest compressions in accordance 

 •  Secondary prevention to prolong survival in patients with 
current or prior symptoms of heart failure and reduced left 
ventricular ejection fraction who have history of cardiac arrest, 
ventricular fibrillation, or hemodynamically destabilizing ven-
tricular tachycardia

 •  Primary prevention of sudden cardiac death to reduce mortal-
ity in patients with nonischemic dilated cardiomyopathy or 
ischemic heart disease at least 40 days after myocardial infarc-
tion, a left ventricular ejection fraction ≤35%, and New York 
Heart Association class II or III symptoms on optimal medical 
therapy, with expectation of survival with good functional 
status for more than 1 year

 •  May be used in patients receiving cardiac resynchronization 
therapy for New York Heart Association class III or ambulatory 
class IV symptoms, despite recommended optimal medical 
therapy

BOX 108-2 Class I Indications for 
Implantable Cardioverter Defibrillator 
Placement for Patients with Congestive  
Heart Failure

From Aronow WS: Implantable cardioverter-defibrillators, Am J Ther 17:e208, 
2010.
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with the 2010 AHA Guidelines for CPR and ECC. The 
techniques for providing ventilation are dependent on 
the clinical situation. The head tilt–chin lift maneuver 
is recommended for initial airway control in most cir-
cumstances. The epiglottis, rather than the tongue, is the 
major cause of upper airway obstruction in the individual 
who is unconscious or sedated.55 Because of its ligamen-
tous attachments to the hyoid bone, the epiglottis can 
be lifted by manual maneuvers that anteriorly displace 
the hyoid bone. These observations provide anatomic 
confirmation of the efficacy of the head tilt–chin lift 
technique for opening an obstructed airway. The head 
tilt–jaw thrust maneuver accomplishes the same purpose 
in restoring airway patency.56

When rescue breathing is indicated for an individual in 
tracheal nonintubated cardiac arrest, 2 breaths are deliv-
ered after 30 chest compressions during one- and two-
person CPR, providing that the rescuer(s) is(are) trained 
in CPR.24 The 2010 AHA Guidelines for CPR and ECC 
excuse untrained rescuers from providing rescue breaths 
to ensure that uninterrupted chest compressions are pro-
vided until more qualified rescuers arrive. (Fig. 108-5).24 
When performed, rescue breaths should be provided with 
only enough force and volume to cause the chest to rise. 
Chest compressions are only minimally interrupted for 
the provision of rescue breaths (until a secure airway is 
established). Excessive ventilation force or tidal volume 
risks overcoming the esophageal opening pressure, con-
tributing to gastric inflation,57 the potential for regurgita-
tion, and its consequences.58,59 If tracheal intubation is 
performed, then ventilation can occur at a rate of 8 to 10 
breaths per minute with small tidal volumes and without 
interrupting chest compressions. Optimal tidal volumes 
or respiratory rates in the setting of cardiac arrest are not 
known.

During the first few minutes after the onset of cardiac 
arrest, chest compressions are the priority intervention, 
unless the cardiac arrest is due to asphyxiation, drown-
ing, or suffocation, which are the only circumstances 
that ventilation must be provided before chest compres-
sions.24 Oxygen delivery to tissues with CPR is limited 
more by blood flow and low cardiac output than arte-
rial content.60 Low cardiac output associated with CPR 
results in low oxygen uptake from the lungs that, in turn, 
reduces the need to ventilate the patient during this low 
flow state.60 Rescuers must avoid hyperventilation during 
resuscitation. The increased intrathoracic pressure from 
ventilation impedes venous return to the heart, decreases 
cardiac output, and compromises resuscitation efforts.61

Advanced airway placement during cardiac arrest is no 
longer a priority and is not mandated in the 2010 AHA 
Guidelines for CPR and ECC.61 Attempting to place endo-
tracheal intubation frequently causes significant inter-
ruptions in chest compressions, particularly when the 
provider undertaking intubation is inexperienced or lacks 
proficiency with the intervention. Insufficient evidence 
demonstrates improved ROSC when an endotracheal 
tube is placed. However, in a large retrospective study of 
a 25,000 in-hospital cardiac arrest database, an endotra-
cheal tube placed during the first 5 minutes of cardiac 
arrest resuscitation did not improve the rates of ROSC 
but was associated with an improved 24-hour survival.62 



Part VIII: Critical Care Medicine3190

Figure 108-5. Building blocks of cardiopulmonary 
resuscitation (CPR). (From Travers AH, Rea TD, Bobrow BJ, 
et al: Part 4: CPR overview: 2010 American Heart Association 
Guidelines for Cardiopulmonary Resuscitation and Emer-
gency Cardiovascular Care, Circulation 122(18 Suppl 3): 
S678, 2010.)
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Those not proficient or experienced with endotracheal 
intubations should focus on proficiency with bag-valve-
mask ventilation or placement of a supraglottic airway.

Supraglottic airways (e.g., laryngeal mask airway, King 
LT [laryngeal tube] Airway) are considered reasonable tools 
for advanced airway management in both out-of-hospital 
and in-hospital settings. These devices do not require visu-
alization of the glottic opening and are inserted without 
interrupting chest compressions. Although, in most cir-
cumstances, supraglottic airways provide an open airway 
and effective ventilation, the airway is not secured in a 
fashion equivalent to an endotracheal tube; a cuffed tube 
is not placed in the trachea, protecting the airway from 
aspiration. Supraglottic airways are not equivalent to a 
properly placed endotracheal tube. They are reasonable 
airways for rescuers without advanced airway manage-
ment expertise, as well as for those circumstances during 
which endotracheal intubation is found to be difficult. 
Partial pressure of end-tidal carbon dioxide (PetCO2) can 
be monitored when supraglottic airways are in place, the 
importance of which is discussed in the next section.

Once an advanced airway is inserted, its placement 
must be confirmed by verification of breath sounds, chest 
rise, and the presence of carbon dioxide during ventila-
tion. These parameters are assessed with each airway 
manipulation in elective surgical cases and represent a 
standard of care in the anesthesia environment. These 
parameters—breath sounds, chest rise, and the pres-
ence of carbon dioxide—are applicable and, because of 
the unstable and high-risk environment (either out-of-
hospital or in-hospital) of a cardiac arrest, are mandatory 
assessments when an airway is placed outside the surgi-
cal department environment. Continuous monitoring of 
PetCO2 is recommended during resuscitation attempts to 
ensure that the airway placement is secure, to guide com-
pression quality, and to detect ROSC as demonstrated by 
a sudden increase in end-tidal carbon dioxide content.

In 1978, Kalenda63 described the use of capnography 
as a guide to the effectiveness of external chest com-
pressions. He demonstrated the value of monitoring 
PetCO2 values in three patients in cardiac arrest and con-
firmed changes in PetCO2 with ROSC. Kalenda proposed 
that when ventilation is constant, as during controlled 
mechanical ventilation, the expired carbon dioxide is 
a precise and continuous mirror of lung perfusion and, 
hence, of cardiac output.63

Despite the potential clinical importance of Kalenda’s 
well-documented observations and conclusion, it was 
several years before monitoring PetCO2 values during car-
diac arrest and CPR was explored further. In 1984, using a 
porcine model of cardiac arrest, Grundler and colleagues64 
demonstrated a rapid decrease in PetCO2 with the onset 
of cardiac arrest and its immediate increase with resusci-
tation. Based on these preliminary experimental observa-
tions, this group suggested that PetCO2 monitoring may 
be a relatively simple and noninvasive guide to advanced 
life support interventions during CPR.64,65 Severe reduc-
tions in pulmonary blood flow during cardiac arrest and 
CPR and therefore an acute failure in oxygen delivery to 
the lungs explained the observed very low PetCO2 values 
and the increased partial pressure of carbon dioxide in 
mixed venous blood (Pvco2).66 Subsequent studies in dogs 
provided confirmation of the possible utility of PetCO2 in 
that expired Pvco2 correlated very closely with coronary 
perfusion pressure, which itself was shown to be a deter-
minant of survival from cardiac arrest in this model.67,68 
In a porcine model of VF, the onset of VF was associ-
ated with a rapid decline in PetCO2 from a mean (plus 
or minus standard error of the mean [±SEM]) of 4.0% ± 
0.2% to less than 0.7% ± 0.2%.69 With external chest 
compression and constant-volume mechanical ventila-
tion, PetCO2 increased to 1.9% ± 0.3% with an immediate 
increase to 4.9% ± 0.3% after successful defibrillation and 
12 minutes of CPR after defibrillation. Close correlation 
was found between changes in cardiac output and PetCO2 
during both closed- and open-chest CPR69 (Table 108-2).

PetCO2 monitoring has been reported in humans in 
cardiac arrest who are undergoing CPR.17,70-73 In a study 
of 10 patients in whom spontaneous circulation returned, 
PetCO2 values immediately increased on restoration of 
spontaneous circulation, from a mean (±SD) of 1.7% ± 
0.6% to 4.6% ± 1.4%.55 The rapid increase in PetCO2 was 
often the first clinical evidence of the resumption of spon-
taneous circulation. In a larger retrospective study involv-
ing 575 patients, Heradstveit and colleagues73 reported 
the value of PetCO2 included 100% sensitivity and 100% 
specificity in identifying endotracheal tube positioning 
in the larynx, an indication of the effectiveness of chest 
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TABLE 108-2 END-TIDAL CARBON DIOXIDE IN CARDIOPULMONARY RESUSCITATION 

Patients

PetCO2 (mm Hg)

With ROSC Without ROSC

No. of Patients Mean ± SD 95% CI No. of Patients Mean ± SD 95% CI

All
1 minute 14 23.0 ± 7.4 18.7-27.3 13 13.2 ± 14.7 10.4-16.1
2 minutes 12 26.8 ± 10.8 20.0-33.7 12 15.4 ± 5.7 11.8-19.0
Maximum during CPR 14 30.8 ± 9.5 25.3-36.3 13 22.7 ± 8.8 17.4-28.0

Ventricular fibrillation
1 minute 8 24.3 ± 6.8 18.5-30.0 5 12.0 ± 4.2 6.8-17.2
2 minutes 6 28.2 ± 11.4 16.2-40.1 5 12.4 ± 4.3 7.0-17.8
Maximum during CPR 8 33.0 ± 10.2 24.5-41.5 5 20.6 ± 11.1 6.8-34.4

CI, Confidence interval; CPR, cardiopulmonary resuscitation; PetCO2, partial pressure of end-tidal carbon dioxide; ROSC, restoration of spontaneous circu-
lation; SD, standard deviation.

Adapted from ECC Committee, Subcommittees, Task Forces of the American Heart Association: 2005 American Heart Association Guidelines for Cardiopulmonary 
Resuscitation and Emergency Cardiovascular Care, Circulation 112 (24 Suppl):IV1-IV203, 2005.
compressions, and the early detection of ROSC. Although 
the authors noted that patients resuscitated from cardiac 
arrest had higher PetCO2, they caution against “cut-off 
values” for predicting ROSC since many factors were 
noted that influenced PetCO2 (e.g,. cause of cardiac arrest, 
rescuer fatigue, duration of resuscitation).

In 10 patients who were critically ill, 9 of whom were 
in septic or cardiogenic shock at the onset of cardiac 
arrest, PetCO2 decreased from a mean (±SD) of 1.7% ± 
0.9% to 0.4% ± 0.4% shortly after the onset of cardiac 
arrest.57 The very low pre-arrest value is indicative of low 
cardiac output and therefore low pulmonary blood flow. 
During external chest compression, this value increased 
to 1.0 ± 0.5%. In seven patients in whom circulation was 
restored, PetCO2 rapidly increased from 1.3% ± 0.5% to 
3.7% ± 2.1% and then declined to a stable volume of 
2.4% ± 1.8% 4 minutes after resumption of spontaneous 
circulation. In patients with whom resuscitation failed 
to restore spontaneous circulation, PetCO2 remained at 
0.7% ± 0.4%.

The major determinants for PetCO2 are carbon dioxide 
production, alveolar ventilation, and pulmonary blood 
flow.61-64

In the presence of constant-volume ventilation and 
apparently unchanged carbon dioxide production imme-
diately after cardiac arrest, the changes in PetCO2 observed 
both experimentally and clinically during cardiac arrest 
and CPR and during ROSC indicate that PetCO2 reflects 
pulmonary blood flow and cardiac output.17,70-72,74 Moni-
toring of both systemic arterial pressure by invasive mon-
itoring and PetCO2 with controlled ventilation should 
provide optimal hemodynamic assessment of the ade-
quacy of the resuscitative effort. Assessment of both inter-
ventions, such as chest compression and the response to 
resuscitative medications, is also possible.75

Monitoring PetCO2 values is a standard in anesthe-
sia and intensive care settings (also see Chapter 44). The 
2010 AHA Guidelines for CPR and ECC now endorse this 
monitoring technology as a class I recommendation for 
adults with SCA with an endotracheal tube or supraglot-
tic airway in place. This technology has become avail-
able and is more reliable in the out-of-hospital setting 
and should be used whenever possible to ensure proper 
tracheal tube placement, as well as the detection of ROSC 
or monitoring effectiveness of chest compressions.61

ADVANCED CARDIAC LIFE SUPPORT

All physicians, particularly those involved with invasive 
procedures in which sedation or anesthesia is adminis-
tered, should be capable of performing CPR and other 
resuscitative interventions. CPR almost invariably neces-
sitates rapid progression to ACLS interventions and fol-
low-up care. Biannual or even annual maintenance of 
certification in both BLS and ACLS is expected for physi-
cians in clinical practice, ensuring up-to-date compliance 
with updated AHA resuscitation guidelines.

In a study using a computer program that simulates 
critical patient incidents such as cardiac arrest, only 30% 
of participants, who consisted of anesthesiology residents, 
faculty, and private practitioners, managed a simulated 
cardiac arrest in accordance with AHA ACLS guidelines.76 
The timing since the last ACLS training was recognized 
as an important predictor for the proper management of 
simulated cardiac arrest. Of those trained in ACLS within 
6 months preceding the assessment, 71% successfully 
managed cardiac arrest scenarios and in accordance with 
AHA ACLS guidelines. Successful management decreased 
to 30% in those whose ACLS training occurred 6 months 
to 2 years earlier. No participant more than 2 years with-
out ACLS training correctly used ACLS guidelines in the 
simulated resuscitation.76 Skills, such as time to first defi-
brillation, defibrillation sequence, tracheal intubation, 
and administration of medications, decline in the first 
6 months after ACLS training. These observations sup-
port the position that some form of periodic training and 
retraining in ACLS is necessary to maintain proficiency 
in the knowledge and skills that are essential for man-
aging cardiac arrest in accordance with the contempo-
rary principles as incorporated in the AHA ACLS training 
programs.

Monitoring and Recognition of Arrhythmia
Prompt recognition and treatment of potentially life-
threatening (pre-arrest) cardiac arrhythmias are essential 
components of ACLS. Early recognition and immediate 
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Figure 108-6. Sinus bradycardia with blocked premature atrial complexes.

Figure 108-7. Normal sinus rhythm 
with first-degree atrioventricular block-
ade with Mobitz first- and second-
degree heart block.
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intervention for precardiac arrest signs and symptoms 
often prevents the onset of fatal arrhythmias, necessi-
tating the application of BLS and ACLS. In this context, 
supraventricular arrhythmias that may cause hemody-
namic compromise are discussed first, followed by the 
recognition and management of those that are ventricu-
lar in origin (also see Chapters 45, 47, and 48).

Supraventricular Bradyarrhythmias
Supraventricular bradyarrhythmias may be sinus or junc-
tional in origin (Fig. 108-6), or they may be caused by 
second-degree (types I and II) (Figs. 108-7 and 108-8) or 
third-degree atrioventricular (AV) block (Fig. 108-9). Sinus 
(or junctional) bradycardia and type I (AV nodal) second-
degree block are usually manifestations of increased vagal 
tone. Sinus bradycardia and type I second-degree AV 
block (Wenckebach phenomenon) may be observed dur-
ing high-dose narcotic anesthesia.

During spinal anesthesia, reduced venous return and 
unopposed vagal tone may produce bradycardia and 
hypotension of sufficient severity to progress to car-
diac arrest. Treatment is indicated whenever the bra-
dycardia, regardless of the type, leads to a significant 
decrease in systemic arterial pressure, produces clinical 
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Figure 108-8. Sinus tachycardia with 
Mobitz II heart block and right bundle 
branch block.
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Figure 108-9. Type 3 complete 
heart block with sinus tachycardia and 
junctional escape rhythm.
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signs of reduced cardiac output (or a decrease in mea-
sured output), or is accompanied by ventricular ectopic 
depolarization. Any of these signs should be consid-
ered as evidence of hemodynamic or electrophysio-
logic deterioration with the propensity to progress to 
lethal arrhythmias, either asystole or VF. IV atropine 
0.5 to 1.0 mg should be the initial treatment, repeated 
as needed at 3- to 5-minute intervals to a total dose of 
3 mg.61 Atropine doses less than 0.5 mg in adults are 
associated with paradoxical slowing of the heart rate 
and should be avoided.61

The administration of atropine for symptomatic bra-
dycardia should be accompanied by the application of 
transcutaneous pacing (TCP) pads. TCP for symptom-
atic bradyarrhythmias is painful for conscious patients 
and should be viewed as a temporizing measure, with-
out strong clinical evidence supporting its use over phar-
macologic interventions.61 When bradyarrhythmias are 
refractory to atropine and TCP, IV infusions of dopamine 
(2 to 10 μg/kg/min) or epinephrine (2 to 10 μg/min) 
should be considered.

If pharmacologic methods and TCP are ineffective in 
producing an increase in heart rate and hemodynamic 
(increased systemic pressure, cardiac output, or both) or 
electrophysiologic improvement (elimination of ventricu-
lar ectopy), then alternative therapies include transvenous 
pacing or, during spinal anesthesia, low-dose (0.2 mg) IV 
epinephrine.77,78 The availability of intraoperative cardiac 
pacing equipment (e.g., esophageal pacing probes, pacing 
pulmonary artery catheters) has diminished the need for 
agents such as isoproterenol infusions for the treatment 
of intraoperative bradyarrhythmias (also see Chapters 48 
and 68).

Transesophageal atrial pacing can be effective in treat-
ing intraoperative supraventricular bradyarrhythmias 
such as sinus or junctional bradycardia.79,80 This device 
is compatible with most external pacing devices and defi-
brillators. In its current configuration, transesophageal 
pacing is only effective at pacing the atria. Ventricular 
response to transesophageal pacing requires an intact AV 
node. Atrial fibrillation or AV conduction disturbances 
render this intervention ineffective in the treatment of 
symptomatic bradyarrhythmias.

Figure 108-1061 depicts the bradyarrhythmias treat-
ment algorithm recommended in the 2010 AHA Guide-
lines for CPR and ECC.
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Figure 108-10. 2010 American Heart 
Association bradyarrhythmia treatment 
algorithm. ECG, Electrocardiogram; 
IV, intravenous. (From Neumar RW, 
Otto CW, Link MS, et al: Part 8: adult 
advanced cardiovascular life support: 
2010 American Heart Association Guide-
lines for Cardiopulmonary Resuscitation 
and Emergency Cardiovascular Care, Cir-
culation 122(18 Suppl 3):S749, 2010.)

• Maintain patent airway; assist breathing as necessary
• Oxygen (if hypoxemic)
• Cardiac monitor to identify rhythm; monitor blood pressure and oximetry
• IV access
• 12-Lead ECG if available; don’t delay therapy

Identify and treat underlying cause

• Hypotension?
• Acutely altered mental status?
• Signs of shock?
• Ischemic chest discomfort?
• Acute heart failiure?

Persistent bradyarrhythmia
causing:

If atropine ineffective:
• Transcutaneous pacing

                                OR
•  Dopamine infusion

                                 OR
• Epinephrine infusion

Atropine
Atropine IV Dose:
First dose: 0.5 mg bolus
Repeat every 3–5 minutes
Maximum: 3 mg

Dopamine IV Infusion:
2–10 µg/kg per minute

Epinephrine IV Infusion:
2–10 µg per minute

Doses/Details

• Expert consultation
• Transvenous pacing

Consider

Adult Bradycardia
(with Pulse)1

2
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6

Assess appropriateness for clinical condition.
Heart rate typically <50/min if bradyarrhythmia.

Monitor and observe
No

Yes

4

Supraventricular Tachyarrhythmia
Medical professionals should be able to recognize and dif-
ferentiate between sinus tachycardias, narrow complex 
supraventricular tachyarrhythmias, and wide complex 
tachycardias. Supraventricular tachyarrhythmias include 
atrial flutter, atrial fibrillation, AV junctional tachycardia, 
multifocal atrial tachycardia, paroxysmal reentrant tachy-
cardia, and other much less frequent arrhythmias (also 
see Chapter 68). Paroxysmal supraventricular tachycardia 
(PSVT), atrial fibrillation (or flutter) with rapid ventricu-
lar rates and multifocal atrial tachycardia are discussed; 
not only can they produce hemodynamic compromise, 
but they can also present diagnostic and therapeutic chal-
lenges. Considering the complexity of rhythm analysis 
and the implications for prompt intervention, two broad 
concepts are helpful: most wide complex tachycardias 
are ventricular in origin, and irregular narrow complex 
tachycardias are likely atrial fibrillation or multifocal 
atrial tachycardias. Figure 108-1161 depicts the tachycar-
dia treatment algorithm recommended in the 2010 AHA 
Guidelines for CPR and ECC.

An example of PSVT is shown in Figure 108-12, A. If such 
a tachyarrhythmia produces hemodynamic deterioration, 
then cardioversion is the treatment of choice. The recom-
mended initial dose for cardioversion of atrial tachyar-
rhythmias is 100 J to 200 J if a monophasic defibrillator 
is used or 100 J to 120 J using a biphasic device. Energy 
can be increased as needed if the arrhythmia is resistant 
to initial electrical therapy. If the patient is hemodynami-
cally stable, then vagal maneuvers can be attempted (e.g., 
Valsalva maneuver in awake patients) before initiating 
pharmacologic interventions. Vagal maneuvers alone will 
terminate approximately 20% to 25% of reentry supra-
ventricular tachycardias (SVTs).81 If vagal maneuvers are 
unsuccessful, then adenosine is the drug of choice for ter-
minating organized rapid supraventricular arrhythmias. 
Adenosine slows sinoatrial and AV nodal conduction and 
prolongs refractoriness, which is very effective in termi-
nating PSVT, the most common cause of which is reentry 
within the AV node.82-85 The drug is diagnostically useful 
in revealing the underlying mechanism in tachyarrhyth-
mias of uncertain origin (e.g., atrial fibrillation, atrial flut-
ter) by inducing transient block of AV nodal conduction 
(Fig. 108-12, B).86,87 Because of rapid cellular uptake and 
metabolism, adenosine must be rapidly injected into a 
venous catheter proximal enough to the heart to ensure 
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Assess appropriateness for clinical condition.
Heart rate typically ≥150/min if tachyarrhythmia.

•  Hypotension?
•  Acutely altered mental status?
•  Signs of shock?
•  Ischemic chest discomfort?
•  Acute heart failure?

Identify and treat underlying cause

Synchronized cardioversion

Adenosine IV Dose:
First dose: 6 mg rapid IV push; follow
with NS flush.
Second dose: 12 mg if required.

Antiarrhythmic Infusions for
Stable Wide-QRS Tachycardia

Procainamide IV Dose:
20–50 mg/min until arrhythmia
suppressed, hypotension ensues,
QRS duration increases >50%, or
maximum dose 17 mg/kg given.
Maintenance infusion: 1–4 mg/min.
Avoid if prolonged QT or CHF.

Amiodarone IV Dose:
First dose: 150 mg over 10 minutes.
Repeat as needed if VT recurs.
Follow by maintenance infusion of
1 mg/min for first 6 hours.

Sotalol IV Dose:
100 mg (1.5 mg/kg) over 5 minutes.
Avoid if prolonged QT.

Wide QRS?
≥ 0.12 second

Persistent tachyarrhythmia
causing:

•  Maintain patent airway; assist breathing as necessary
•  Oxygen (if hypoxemic)
•  Cardiac monitor to identify rhythm; monitor blood
    pressure and oximetry

•  Consider sedation
•  If regular narrow complex,
   consider adenosine

•  IV access and 12-lead ECG
   if available
•  Consider adenosine only if
   regular and monomorphic
•  Consider antiarrhythmic infusion
•  Consider expert consultation

•  IV access and 12-lead ECG if available
•  Vagal maneuvers
•  Adenosine (if regular)
•  β-blocker or calcium channel blocker
•  Consider expert consultation

Doses/Details
Synchronized Cardioversion
Initial recommended doses:
•  Narrow regular: 50-100 J
•  Narrow irregular: 120-200 J biphasic
   or 200 J monophasic
•  Wide regular: 100 J
•  Wide irregular: defibrillation dose
  (NOT synchronized)

Figure 108-11. 2010 American Heart Association tachyarrhythmia treatment algorithm. CHF, Congestive heart failure; ECG, electrocardiogram; 
IV, intravenous; NS, normal saline; VT, ventricular tachycardia. (From Neumar RW, Otto CW, Link MS, et al: Part 8: adult advanced cardiovascular life 
support: 2010 American Heart Association Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care, Circulation 122(18 Suppl 
3):S751, 2010.)

Figure 108-12. A, Supraven-
tricular tachycardia at a rate of 
180 beats per minute is present; 
the origin of the tachycardia is not 
evident. B, Supraventricular tachy-
cardia after an injection of 6 mg 
adenosine. Atrial flutter waves are 
clearly visible, thus establishing the 
diagnosis.

A

B
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delivery of a sufficient concentration of the drug at the AV 
node to induce an AV nodal conduction block. Adenosine 
can be initially used in a dose of 6 mg, and, if necessary, a 
second dose of 12 mg can be administered in 1 to 2 min-
utes. If a central venous catheter is used, then these doses 
can be reduced to 3 mg and 6 mg, respectively. If the drug 
is injected more distally and slowly (e.g., into a small-bore 
dorsal hand vein catheter), not only may therapeutic fail-
ure result, but transient acceleration of the tachyarrhyth-
mia may also occur (Fig. 108-13, A-B).88 This paradoxical 
acceleration of the rate is a manifestation of the increase in 
sympathetic nervous system traffic induced by adenosine 
in the presence of inadequate AV nodal blockade. Like-
wise, conversion of 2:1 or 1:1 conduction in atrial flutter 
has been observed.89-91 This adverse effect indicates that an 
attempt to establish the diagnosis of atrial flutter should be 
electrophysiologically made, with vagal maneuvers used, 
if necessary, to unmask the flutter waves. Rate acceleration 
has also been observed after adenosine administration to 
patients with atrial fibrillation and preexcitation (Wolff-
Parkinson-White syndrome).91 As with verapamil in this 
setting, the rate acceleration is a result of the AV nodal 
block with diversion of fibrillation wave fronts through 
the accessory connection. Although the short half-life of 
adenosine may reduce this hazard, avoiding adenosine, as 
well as other AV node-blocking drugs, seems prudent in 
patients with atrial fibrillation and preexcitation. Immedi-
ate access to a defibrillator is recommended when adenos-
ine is administered for tachyarrhythmias.

Adenosine’s very short half-life (<5 seconds) is both 
advantageous and disadvantageous: side effects such as 
flushing, dyspnea, and chest pain are short lived, but 
the tachyarrhythmia may recur and necessitate the use 
of another drug or a repeat dose of adenosine. The AV 
nodal-blocking action of adenosine is antagonized by 
theophylline or related methylxanthines and is poten-
tiated by dipyridamole and carbamazepine.92,93 A sug-
gested scheme for the use of adenosine, including dose 
adjustments, is presented in Box 108-3.

Bronchospasm has been described after the injec-
tion of adenosine, including intraoperatively.94-97 This 
complication has occurred in patients with bronchial 
asthma or chronic obstructive pulmonary disease (COPD). 
The mechanism is unknown, but the bronchospasm 
may result from the stimulation of bronchial smooth 
muscle adenosine receptors or the stimulation of mast 
cell–derived mediators of bronchoconstriction. Amino-
phylline, an adenosine-receptor antagonist, has been suc-
cessfully used intraoperatively to treat adenosine-induced 
bronchospasm.97 In light of this experience, adenosine 
should not be used or should be used with caution in 
patients with a history of bronchial asthma or COPD with 
a bronchospastic component.

If the PSVT does not respond to adenosine or if it 
recurs, then verapamil is the drug of choice. A dose of 
5 mg produces a more sustained block of AV nodal con-
duction. Verapamil can also be used to slow the ventric-
ular response in atrial fibrillation or flutter.98 However, 
it should not be used in patients with Wolff-Parkinson-
White syndrome in whom atrial fibrillation or flutter 
develops. In this setting, verapamil-induced increases 
in conduction over the accessory pathway may produce 
alarming acceleration of the ventricular rate or VF.99,100 If 
atrial flutter or fibrillation results in hemodynamic dete-
rioration because of the rapid ventricular response, then 
cardioversion is the treatment of choice. Atrial flutter can 
be terminated with low-energy synchronized shocks.

Atrial flutter or fibrillation with a rapid ventricular 
response can cause rate-related hemodynamic compro-
mise perioperatively expressed as hypotension, decreased 

Peripheral (antecubital)
Central
If taking theophylline-containing 

drugs
If taking dipyridamole

6 mg, then 12 mg if needed
3 mg, then 6 mg if needed
9 mg peripherally, 6 mg 

centrally
2 mg peripherally, 1 mg 

centrally

BOX 108-3 Administration of Adenosine*

*Use with caution in patients with asthma and in those taking 
 carbamazepine.
Figure 108-13. A, Atrial fibril-
lation with a rapid ventricular 
response of 190 beats per min-
ute. B, After an injection of 6 mg 
adenosine, the ventricular response 
increased to 240 beats per minute. 
(From White RD: Acceleration of the 
ventricular response in paroxysmal 
lone atrial fibrillation following the 
injection of adenosine, Am J Emerg 
Med 11:245, 1993.)
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cardiac output, or both. In patients who are hemodynam-
ically unstable, cardioversion should be used. Recent-
onset atrial flutter is typically very sensitive to low-energy 
shocks (e.g., 50 J, monophasic or biphasic waveforms). 
Atrial flutter can also be terminated by overdrive pacing 
with external generators that have this capability. For 
atrial fibrillation, the initial dose for cardioversion is 100 
to 200 J with monophasic waveforms or 100 J to 120 J 
with biphasic waveforms. Escalation of energy doses for 
the second and subsequent doses is indicated.

In patients who are hemodynamically stable and with 
rapid ventricular rates secondary to atrial fibrillation or 
flutter, the treatment is pharmacologic. With the acute 
onset of these tachyarrhythmias, IV ibutilide has the 
most rapid onset of effect in restoring sinus rhythm.101 
Ibutilide is a class III antiarrhythmic drug that prolongs 
the action potential duration and effective refractory 
period without effects on the action potential upstroke. 
The dose is 1 mg given over a 10-minute period. A sec-
ond dose can be administered 10 minutes after the first, if 
necessary. Conversion to sinus rhythm is more frequent 
in atrial flutter than in atrial fibrillation (63% versus 31%) 
and more frequent in atrial fibrillation of shorter dura-
tion.101,102 Prolongation of the QT interval reflects the 
pharmacologic action of the drug, and polymorphic VT 
(PVT) accompanied by increases in the QT interval is seen 
in 8.3% of patients receiving ibutilide; consequently, cli-
nicians should be prepared to manage this arrhythmia.

Alternative options for the treatment of supraventricu-
lar arrhythmias include diltiazem, verapamil, β-blocking 
medications, procainamide, and amiodarone. By slow-
ing conduction and increasing refractoriness in the  
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V node, calcium channel blocking agents result in ven-
ricular rate control in patients with atrial flutter, atrial 
brillation, and multifocal atrial tachycardia. Diltiazem 

s administered as a loading dose of 0.25 mg/kg over 
-minute period, followed, if needed, in 10 to 15 min-
tes by 0.35 mg/kg. An infusion at a rate of 5 to 15 mg/
r can be used to maintain rate control. If IV verapamil 

s used, 5 mg can be given and then 5 to 10 mg in 15 to  
0 minutes as needed. β-Adrenergic-blocking medications 
re helpful in ventricular rate control when no contrain-
ications to their use are present. Amiodarone is a com-
lex agent with antiadrenergic effects in the presence of 
upraventricular arrhythmias and tachycardias resulting 
rom accessory pathways or rapid AV node transmission 
f atrial impulses and in situations in which other agents 
ave failed to control the heart rate. It is administered as 
 150-mg IV bolus over a 10-minute period, followed by a 
 mg/min infusion for 6 hours to a maximum daily dose 
f 2 g. Although effective in terminating clinically signifi-
ant SVTs, proarrhythmic agents (e.g., amiodarone, pro-
ainamide, sotalol, ibutilide) are less desirable first-line 
nterventions, compared with adenosine and verapamil.

Multifocal (multiform) atrial tachycardia is a com-
on tachyarrhythmia that is often misdiagnosed as atrial 

brillation.103-105 Increased automaticity in multiple 
trial foci results in a need for therapy different from that 
or reentrant supraventricular arrhythmias (e.g., atrial 
utter, atrial fibrillation, PSVT). Multifocal atrial tachy-
ardia is diagnosed by observing the presence of at least 
hree morphologically different P waves in the same lead 
f a 12-lead electrocardiogram (ECG) and a ventricular 
ate more rapid than 100 beats per minute (Fig. 108-14). 
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gure 108-14. Multifocal atrial tachycardia. P-wave morphologic characteristics vary across the tracing. Each QRS complex is preceded by a 
gle P wave.
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Multifocal atrial tachycardia is usually described as occur-
ring in patients with COPD, especially during exacerba-
tions when ICU management is necessary. However, it 
occurs in other settings as well, such as hypokalemia, cat-
echolamine administration, and acute myocardial infarc-
tion.105,106 Treatment of underlying conditions probably 
contributing to myocardial irritability is important. Digi-
talization and cardioversion, sometimes helpful in other 
supraventricular arrhythmias, are ineffective in multifo-
cal atrial tachycardia. Digitalis toxicity or repeated and 
futile attempts at cardioversion can follow misdiagnosis. 
Acceptable rate control treatment in patients with pre-
served ventricular function includes calcium channel 
blockers, beta-adrenergic blockers, and amiodarone. In 
the presence of impaired ventricular function, diltiazem 
and amiodarone may be useful.

Synchronized cardioversion is recommended for the 
treatment of unstable SVT, unstable atrial fibrillation with 
rapid ventricular response, unstable atrial flutter with rapid 
ventricular response, and unstable monomorphic VT.
Ventricular Bradyarrhythmias
In the setting of emergency cardiovascular care, the 
bradyarrhythmia arising within the ventricles that is in 
need of urgent treatment is complete heart block with a 
very slow idioventricular escape rhythm (e.g., 15 to 30 
beats per minute) (Fig. 108-15). In this situation, atropine 
can be tried, but the treatment of choice is external or 
transvenous pacing as soon as it can be accomplished. If 
an external pacemaker is available, then pacing should be 
quickly instituted.

Ventricular (Wide Complex) 
Tachyarrhythmia
In the category of potentially life-threatening and some-
times pre-arrest arrhythmias, VT (Fig. 108-16) warrants 
urgent intervention. VT that produces cardiac arrest 
(pulseless VT) is discussed with VF. Treatable causes of 
VT should always be sought before or during pharmaco-
logic or electrical interventions. Hypoxemia, hypercap-
nia, hypokalemia or hypomagnesemia (or both), digitalis 
Figure 108-15. Slow (14 beats per minute) idioventricular escape rhythm in a patient with carotid sinus hypersensitivity. External or transvenous 
pacing is the treatment of choice for bradyarrhythmias such as this.
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Figure 108-16. Ventricular tachycardia. The rate is 280 beats per minute, the QRS width is 160 msec, and three consecutive capture or fusion 
beats are demonstrated.
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toxicity, and acid-base derangements are obvious causes 
for VT and should be quickly evaluated and corrected if 
present.

Treatment of VT is dependent on the degree of hemo-
dynamic compromise induced by the tachycardia. If the 
patient remains stable and ventricular function is pre-
served (no evidence of pulmonary edema or a known his-
tory of left ventricular dysfunction), then procainamide 
and synchronized cardioversion are the treatments of 
choice. If cardioversion is chosen, then the energy lev-
els are identical to those used in unstable patients. If 
antiarrhythmic therapy is pursued, procainamide (class 
IIa evidence), amiodarone (class IIb evidence), or sotalol 
(class IIb evidence) are recommended. Procainamide and 
sotalol should not be used in patients with prolonged QT 
intervals. Importantly, only one drug should be adminis-
tered; a second drug should not be added without expert 
consultation. The loading dose for procainamide is 20 to 
50 mg/min until the arrhythmia is suppressed, hypoten-
sion develops, the QRS prolongs by 50%, or a total dose 
of 17 mg/kg is administered. A maintenance dose of 1 to 
4 mg/min should follow the loading dose. Sotalol can 
be loaded at a rate of 1.5 mg/kg over a 5-minute period. 
Amiodarone is administered as 150 mg over a 10-minute 
period, followed by an infusion of 1 mg/min for 6 hours 
and then a 0.5 mg/min maintenance dose over the subse-
quent 18-hour period. Hypotension is common with all 
three of these recommended medications.

In patients who are unstable, that is, those with sys-
temic hypotension, pulmonary edema, or clinical or elec-
trocardiographic signs of acute myocardial ischemia or 
infarction, synchronized cardioversion is the treatment 
of choice with either monophasic energy doses of 360 J or 
biphasic, nonescalating, impedance-compensated energy 
doses of 120 J (also see Chapter 47).

An atypical form of VT known as torsade de pointes 
(“twisting of the points”) that was originally described in 
1966 is characterized by twisting of the QRS axis around 
the baseline and a polymorphic appearance. The underly-
ing electrophysiologic derangement in this arrhythmia is 
a striking and nonuniform delay in repolarization exhib-
ited as a prolonged QT interval on the ECG. It typically 
onary Resuscitation: Basic and Advanced Life Support 3199

begins with a characteristic long-short initiating sequence 
(Fig. 108-17). Torsades des pointes can be induced by 
drugs such as quinidine, procainamide, disopyramide, 
and phenothiazine, as well as by bradycardia, hypokale-
mia, hypomagnesemia, or acute ischemia or infarction. 
Although amiodarone produces significant prolongation 
of repolarization, it rarely causes torsades de pointes, pos-
sibly because the drug-induced prolonged repolarization 
is uniform (nondispersed), in contrast to the repolariza-
tion abnormality induced by other drugs.

Closely related to torsades de pointes is PVT (Fig. 108-18).  
The description of the tachycardia as PVT rather than tor-
sades de pointes implies that the cause of the prolonged 
repolarization is not evident and the QT interval is not pro-
longed.79,107-109 Because both PVT and torsade de pointes 
can be life threatening, a correct diagnosis is required. 
The critical therapeutic distinction is based on the pres-
ence or absence of a prolongation of the QT interval. If QT 
prolongation is present, then therapy is directed toward 
shortening the repolarization time (after withdrawing the 
offending drugs listed earlier or correcting abnormalities 
such as hypokalemia). In the past, drugs such as isoproter-
enol were used for this purpose, but definitive short-term 
therapy is overdrive ventricular or atrial pacing (preferably 
the latter) if AV conduction is intact.

If PVT (i.e., polymorphic wide complex tachyarrhyth-
mia without evident QT prolongation) is present with 
hemodynamic instability, then immediate defibrillation 
is indicated. If PVT is present in a patient who is hemody-
namically stable, then standard antiarrhythmic therapy 
for VT as outlined earlier can be tried. Magnesium sul-
fate should be considered early in the treatment of this 
form of PVT as well, particularly if torsades de pointes is 
suspected by history but QT prolongation cannot be con-
firmed by ECG. A 12-lead ECG is often needed to identify 
QT lengthening.

The 2010 AHA Guidelines for CPR and ECC provides a 
treatment algorithm for tachyarrhythmias (see Fig. 108-11)  
that encompasses those of both supraventricular and ven-
tricular origin. The algorithm is simplified from previous 
versions to afford a more prompt and directed assessment 
and interventions.
VVVVVVVVVVVV?NNNNN

V VVVVV VVVVVVVVVVVVVVVVVV ?

Figure 108-17. Polymorphic ventricular tachycardia. A prolonged QT interval during sinus rhythm suggests that the arrhythmia is torsades  
de pointes. This arrhythmia occurred in a patient after resuscitation from cardiac arrest.
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Figure 108-18. Polymorphic ventricular tachycardia. The QRS complexes have varying morphologic characteristics but without the “twisting 
of the points” torsades demonstrated in Figure 108-17. The tachycardia spontaneously terminated.(From White RD, Wood DL: Out-of-hospital 
pleomorphic ventricular tachycardia and resuscitation: Association with acute myocardial ischemia and infarction, Ann Emerg Med 21:1282, 1992.)
MANAGEMENT OF CARDIAC ARREST

This section reviews the interventions, both electrical and 
pharmacologic, used for treatment of the various forms of 
lethal cardiac arrhythmias (Fig. 108-19). A discussion of 
the major beneficial and adverse actions of the drugs used 
in ACLS is included. The clinical applications of some of 
these drugs have already been presented in the review 
of recognition and management before arrest or before 
potentially life-threatening events.

PULSELESS VENTRICULAR TACHYCARDIA 
OR VENTRICULAR FIBRILLATION

For therapeutic purposes, pulseless VT and VF are consid-
ered the same lethal entity in need of the same interven-
tions, beginning with prompt defibrillation. Fortunately, 
these arrhythmias are the most treatable and yield the 
greatest likelihood of immediate and long-term survival 
in both in-hospital and out-of-hospital settings. Early 
defibrillation, not pharmacologic interventions, is respon-
sible for the improved survival after VF cardiac arrest. As 
a result, PAD puts AEDs in public places so that defibril-
lation can occur at the earliest possible opportunity to 
individuals in cardiac arrest, regardless of rescuer training.

In operating rooms, ICUs, or other environments where 
continuous monitoring of cardiac rhythm is used and 
when a VT or VF arrest occurs, chest compressions should 
be immediately provided and defibrillation performed at 
the earliest opportunity. A period of chest compression 
before defibrillation is not recommended in the 2010 AHA 
Guidelines for CPR and ECC. If a monophasic defibrillator 
is available, then a single 360 J shock should be delivered. 
With biphasic defibrillators, biphasic truncated exponential 
waveforms should use 150 to 200 J for first shock, depend-
ing on the manufacturer’s recommendation. Energy settings 
for rectilinear biphasic waveforms should use 120 J for the 
initial shock. For simplicity and improved decision-making 
during resuscitation efforts, if the rescuer is unfamiliar with 
the waveform used or the manufacturer recommendations, 
then the maximal available energy should be used as the 
default energy.61 Chest compressions should be immedi-
ately resumed after the delivery of shock and continued 
for 2 minutes before reassessing the underlying cardiac 
rhythm, unless obvious evidence for ROSC occurs. The 
2010 AHA Guidelines for CPR and ECC recommend three 
stacked shocks to be used only in the coronary catheteriza-
tion laboratory or in the cardiac surgical operating rooms 
after weaning from cardiopulmonary bypass.40,

No evidence supports one biphasic waveform over 
another. All biphasic defibrillators available today are 
impedance compensated and adjust the delivered dose of 
energy in response to the measured transthoracic imped-
ance (TTI) with each shock. (This technology has resulted 
in greater first-shock efficacy and is not used in monophasic 
defibrillators.) Defibrillation energies should be increased 
until VF is terminated or maximal defibrillator energy out-
put is reached. In circumstances in which VT or VF is termi-
nated with defibrillation but VT or VF recurs, defibrillation 
should use the previously successful energy level.

If ROSC has not occurred after an initial defibrillatory 
attempt, then five cycles of CPR consisting of 30 compres-
sions to 2 ventilations should be performed before cardiac 
rhythm reanalysis. Placement of a supraglottic airway or 
endotracheal intubation can be considered in this inter-
val. During this opportunity, peripheral IV access should 
be attempted if not already established.

VASOPRESSOR THERAPY IN  
CARDIAC ARREST

The 2010 AHA Guidelines for CPR and ECC de-empha-
sizes the use of medications in resuscitation attempts. 
Emphasis is placed on providing quality, uninterrupted 
chest compressions and defibrillation attempts every 
2 minutes as needed for ongoing resuscitation efforts. 
Although epinephrine has been a mainstay of pharma-
cologic therapy in resuscitation efforts for many years, 
clinical evidence is lacking for improved survival and 
neurologic recovery after cardiac arrest when epineph-
rine is administered. Vasopressin and amiodarone are 
two other pharmacologic agents commonly administered 
during cardiac arrest. Just as with epinephrine, vasopres-
sin and amiodarone lack convincing clinical evidence 
for improved hospital discharge and neurologic recovery 
when administered during resuscitation efforts. All three 
medications have demonstrated benefit in ROSC during 
cardiac arrest but no benefit on hospital discharge.

Epinephrine’s benefit in cardiac arrest states arises from 
its potent α- and β-adrenergic stimulation effects, result-
ing from a 1 mg (10 mL of a 1:10,000 solution) IV dose. 
α1– and α2–receptor stimulation results in peripheral vaso-
constriction, leading to increased aortic diastolic pressure. 
Increased aortic diastolic pressure improves coronary blood 
flow. The modest increase in aortic diastolic pressure might 
provide improved coronary blood flow during cardiac arrest 
or other low coronary blood flow states, resulting in ROSC. 
Epinephrine-induced β-adrenergic stimulation increases 
myocardial contractility. This consequence increases myo-
cardial oxygen demand and probably further exacerbates 
subendocardial ischemia during the low-flow states of car-
diac arrest (also see Chapter 16).
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Adult Cardiac Arrest

CPR Quality
•  Push hard (≥2 inches
   [5 cm]) and fast
   (≥100/min) and allow
   complete chest recoil
•  Minimize interruptions in
   compressions
•  Avoid excessive ventiation
•  Rotate compressor every
   2 minutes
•  If no advanced airway,
   30:2 compression-
   ventilation ratio
•  Quantitative waveform
   capnography
   – If PetCO2 <10 mm Hg,
      attempt to improve
      CPR quality
•  Intra-arterial pressure
   – If relaxation phase
      (diastolic) pressure
      <20 mm Hg, attempt
   to improve CPR quality

Return of Spontaneous
Circulation (ROSC)
•  Pulse and blood pressure
•  Abrupt sustained
   increase in PetCO2
   (typically ≥40 mm Hg)
•  Spontaneous arterial
   pressure waves with
   intra-arterial monitoring

Shock Energy
• Biphasic: Manufacturer
  recommendation
  (eg, initial dose of
  120–200 J); if unknown,
  use maximum available,
  Second and subsequent
  doses should be equivalent,
  and higher doses
  may be considered.
• Monophasic: 360 J

Drug Therapy
•  Epinephrine IV/IO Dose:
   1 mg every 3-5 minutes
•  Vasopressin IV/IO Dose:
   40 units can replace
   first or second dose of
   epinephrine
•  Amiodarone IV/IO Dose:
   First dose: 300 mg bolus.
   Second dose: 150 mg.

Advanced Airway
•  Supraglottic advanced
   airway or endotracheal
   intubation
•  Waveform capnography
   to confirm and monitor
   ET tube placement
•  8–10 breaths per minute
   with continuous chest
   compressions

Reversible Causes
− Hypovolemia
− Hypoxia
− Hydrogon ion (acidosis)
− Hypo-/hyperkalemia
− Hypothermia
− Tension pneumothorax
− Tamponade, cardiac
− Toxins
− Thrombosis, pulmonary
− Thombosis, coronary

Rhythm
shockable?VF/VT

Shock

Shock

Shock

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No

CPR 2 min
•  IV/IO access

Rhythm
shockable?

Rhythm
shockable?

CPR 2 min
•  Treat reversible causes

@ 2010 American Heart Association

Go to 5 or 7

Rhythm
shockable?

Rhythm
shockable?

             CPR 2 min
•  IV/IO access
•  Epinephrine every 3-5 min
•  Consider advanced airway,
    capnography

             CPR 2 min
•  Epinephrine every 3-5 min
•  Consider advanced airway,
   capnography

           CPR 2 min
•  Amiodarone
•  Treat reversible causes

• If no signs of return of
  spontaneous circulation
  (ROSC), go to 10 or 11
• If ROSC, go to
  Post-Cardiac Arrest Care

Asystole/PEA

Shout for Help/Activate
Emergency Response

•  Give oxygen
•  Attach monitor/defibrillator

Start CPR

Figure 108-19. 2010 American Heart Association adult cardiac arrest algorithm. CPR, Cardiopulmonary resuscitation; ET, endotracheal; IO, 
intraosseous; IV, intravenous; PEA, pulseless electrical activity; PetCO2, partial pressure of end-tidal carbon dioxide; VF, ventricular fibrillation; VT, 
ventricular tachycardia. (From Neumar RW, Otto CW, Link MS, et al: Part 8: adult advanced cardiovascular life support: 2010 American Heart Associa-
tion Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care, Circulation 122(18 Suppl 3):S736, 2010.)
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Vasopressin (40 units) was included in previous resus-
citation guidelines based on observations that survivors 
of cardiac arrest had increased endogenous vasopressin 
levels. Vasopressin is an endogenous peptide hormone 
secreted by the posterior pituitary gland in response to 
hypovolemia or systemic hypoperfusion states. When 
intravenously administered, intense peripheral vasocon-
striction results from the stimulation of V1 receptors in 
the endothelium. Vasopressin lacks adrenergic stimula-
tion and, as a result, has limited increases in myocardial 
contractility, myocardial and cerebral oxygen consump-
tion, and metabolic demands. No survival benefit has 
been observed in humans when vasopressin was used 
with or without epinephrine in cardiac arrests.

Amiodarone was included in the ACLS algorithms 
because of its ability at an IV dose of 300 mg to terminate 
ventricular arrhythmias during cardiac arrest that were 
resistant to defibrillation after epinephrine administra-
tion. Amiodarone’s antiarrhythmic effect occurs through 
sodium and calcium channel blockade, potassium efflux 
antagonism, and adrenergic (α- and β-) blocking effects, 
producing prolonged action potentials and increased 
refractoriness in all cardiac tissue. Similar to epineph-
rine, amiodarone improves the rate of ROSC but has no 
observed influence or benefit on hospital discharge or 
neurologic outcomes.

Epinephrine’s role in cardiac arrest resuscitation 
has been questioned, particularly as greater emphasis 
is placed on interventions leading to improved cardiac 
arrest neurologic outcomes. Jacobs and colleagues110 
studied outcomes after cardiac arrest resuscitations dur-
ing which 1 mg epinephrine versus a similar volume of 
saline placebo were administered. Survival to hospital 
discharge was not different between the groups; how-
ever, patients receiving epinephrine during their resus-
citation efforts had a statistically higher rate of ROSC, 
compared with the placebo group. Although the number 
of patients experiencing cardiac arrests was quite large  
(N = 4103) in this study, only 601 underwent randomiza-
tion, potentially biasing the results. Similar results were 
reported by Olasveengen and associates111 in a study of 
IV access and medication administration during cardiac 
arrest; epinephrine was given if an IV line was placed 
or not given because of the lack of IV access. Similar to 
the Jacobs’ study results, administration of epinephrine 
clearly demonstrated a benefit in establishing ROSC but 
had no statistically significant improvement in hospital 
discharge or neurologic outcomes. A study by Hagihara 
and colleagues112 reported essentially the same findings; 
epinephrine is associated with significantly better ROSC 
after cardiac arrest, but hospital discharge and good neu-
rologic outcomes are significantly worse.

Vasopressin’s benefit in cardiac arrest has also come 
under greater scrutiny. Mentzelopoulos and colleagues113 
performed a large meta-analysis involving published ran-
domized control studies in which vasopressin was admin-
istered during cardiac resuscitation (with or without 
epinephrine) and evaluated for its role in ROSC, as well 
as its role in long-term neurologic outcomes. The conclu-
sion was that the use of vasopressin in patients in cardiac 
arrest was not associated with any significant benefit or 
harm. The only long-term survival benefit was observed 
when vasopressin was administered to patients who were 
in asystole. Although the theoretical advantages of vaso-
pressin use during cardiac arrest are encouraging (intense 
peripheral vasoconstriction without β-adrenergic receptor 
stimulation), when used in clinical practice, vasopressin 
offers little benefit in cardiac arrest events. Substitution 
of one dose of IV epinephrine with 40 units IV vasopres-
sin during resuscitative efforts in cardiac arrest is accept-
able in the 2010 AHA Guidelines for CPR and ECC61 (see 
Fig. 108-19).

Amiodarone is a first-line antiarrhythmic medication 
used in cardiac arrest events and is endorsed for use in 
the 2010 AHA Guidelines for CPR and ECC.61 In the 
study, Amiodarone in Out-of-Hospital Resuscitation of 
Refractory Sustained Ventricular Tachycardia (ARREST), 
Kudenchuk and colleagues114 reported the results of 
a randomized, prospective study in which 300 mg IV 
amiodarone or placebo was administered to patients in 
out-of-hospital cardiac arrest with persistent VF after 
three defibrillation attempts and 1 mg IV epinephrine. 
The study demonstrated significant increases in survival 
to hospital admission in the amiodarone-treated group 
but was unable to demonstrate any difference in hospital 
discharge rates. In the Amiodarone versus Lidocaine in 
Pre-Hospital Ventricular Fibrillation Evaluation (ALIVE) 
study, Dorian and colleagues115 reported the results of a 
double-blind, controlled clinical trial comparing amio-
darone with lidocaine in patients experiencing out-of-
hospital cardiac arrest in Toronto, Canada. Their results 
demonstrated amiodarone’s superiority to lidocaine in 
terminating persistent VF in the out-of-hospital setting. 
Similar to the ARREST study, the ALIVE study was able to 
demonstrate the improvement produced by amiodarone 
only in survival to hospital admission, not to discharge, 
when compared with lidocaine or placebo. Based on 
these studies, VF resistant to defibrillation and epineph-
rine therapy warrants amiodarone therapy to augment 
the attempts to terminate the arrhythmia, recognizing 
that a long-term benefit for such therapy is lacking.

During resuscitation efforts, 1 mg IV epinephrine 
should be administered as the initial pharmacologic drug 
in VF or PVT. This dose can be repeated every 3 to 5 min-
utes as long as cardiac arrest persists. Defibrillation should 
be attempted 2 minutes after epinephrine injection. For 
VF resistant to defibrillation attempts, 300 mg IV amio-
darone should be considered and can be repeated once at 
a 5-minute period (if necessary) with a 150 mg IV dose. 
As with epinephrine, defibrillation should be attempted 
2 minutes after amiodarone injection. No other vasopres-
sors or antiarrhythmic medications should be adminis-
tered than those studied and endorsed by the AHA in its 
resuscitation guidelines.

PULSELESS ELECTRICAL ACTIVITY

Pulseless electrical activity (PEA) refers to a heterogeneous 
group of cardiac rhythm disorders, all characterized by 
pulselessness in the presence of organized electrical activ-
ity. High priority must be given to identifying possible 
reversible causes of PEA (Box 108-4). Severe hypoxia in 
respiratory emergencies can result in PEA. In the trau-
matized patient, hypovolemia, cardiac tamponade, and 
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tension pneumothorax are possible causes of cardiac 
arrest and must be considered and acutely treated. Unan-
ticipated cardiac arrest occurring in the intraoperative 
and postoperative periods should include acute massive 
pulmonary thromboembolism or air emboli as possible 
causes. In the pregnant woman, uterine compression of 
the inferior vena cava, amniotic fluid embolism, or uter-
ine rupture are possible sources of PEA (also see Chapter 
77). Idioventricular rhythms might accompany derange-
ments such as severe hyperkalemia, metabolic acidosis, 
or drug (e.g., digitalis, β-blockers, calcium channel block-
ers, tricyclic antidepressants) overdose. In every circum-
stance, prompt initiation of chest compressions and the 
administration of 1 mg epinephrine are recommended as 
temporizing measures until more definitive therapy can 
be provided once the cause for the PEA is identified. Each 
of these scenarios has an associated intervention unique 
to that situation. Asystole or VF can develop if PEA is not 
corrected.

ASYSTOLE

Asystole is the complete and sustained absence of electri-
cal activity and is often a terminal event. In most patients, 
asystole is irreversible, but a brief trial of resuscitation, 
beginning with oxygen therapy and IV epinephrine after 
effective chest compressions, is indicated particularly in 
the setting of witnessed cardiac arrest. Occult VF is more 
theory than reality. The concern that asystole is actually 
VF is unrealistic and should not prompt defibrillation 
attempts. Atropine is no longer recommended for treat-
ing asystole. When resuscitation efforts are pursued for 
patients found in asystole, oxygenation, at least 2 min-
utes of chest compressions, and IV epinephrine should be 
provided before cardiac rhythm analysis occurs, for ROSC 
assessment, or electrical activity resumes.

ECHOCARDIOGRAPHY IN CARDIAC ARREST

When PEA occurs, either as the presenting condition in 
cardiac arrest or after termination of ventricular arrhyth-
mias, the 2010 AHA Guidelines for CPR and ECC rec-
ommend an assessment of the “5 Hs and 5 Ts” (see Box 
108-4) to elucidate the reversible causes for the cardiac 
arrest. The presence of hypothermia, hypoxia, or elec-
trolyte abnormalities can be readily assessed. However, 
other causes leading to cardiac arrest can often be iden-
tified with the use of echocardiography. Although not 
explicitly recommended in the 2010 AHA Guidelines for 
CPR and ECC, prompt echocardiographic evaluation for 
patients in PEA could result in prompt intervention for 
reversible conditions that might otherwise be undetected.

Hypovolemia
Hypoxia
Hydrogen ion (acidosis)
Hypokalemia or hyperkalemia
Hypothermia

Tension pneumothorax
Tamponade (cardiac)
Toxins
Thrombosis (pulmonary)
Thrombosis (coronary)

BOX 108-4 Potentially Reversible Causes  
of Cardiac Arrest
onary Resuscitation: Basic and Advanced Life Support 3203

Ultrasound technology is readily available in most 
surgical departments and ICUs in the United States and 
is used for technical interventions from placement of 
regional anesthesia blocks to assessing cardiac function 
in the patient who is hemodynamically unstable (also 
see Chapter 46). During cardiac arrest, echocardiography 
might identify pulmonary emboli, significant hypovole-
mia, cardiac tamponade, and impaired cardiac function—
even if clinicians with limited experience are interpreting 
these images.116 The American Society of Echocardiog-
raphy guidelines recommend that limited and focused 
transesophageal echocardiography be performed when 
intraoperative cardiac arrests occur.117,118 Perhaps, most 
importantly, echocardiography can assist decision-mak-
ing with respect to the termination of resuscitative efforts 
when PEA persists through resuscitative efforts.119 As 
experience accumulates with the use of echocardiography 
during cardiac arrest states, greater emphasis may eventu-
ally be placed on using this technology for diagnosing the 
causes of PEA arrests, confirming the presence or absence 
of myocardial contraction in the presence of organized 
cardiac rhythm, as well as guiding resuscitation if ROSC 
occurs.

POSTRESUSCITATION INTERVENTIONS

EMERGENCY PERCUTANEOUS CORONARY 
INTERVENTION

In patients resuscitated from out-of-hospital cardiac 
arrest, emergency percutaneous coronary intervention 
(PCI) and angiography are recommended in the 2010 
AHA Guidelines for CPR and ECC.120 Approximately 
90% of patients resuscitated from out-of-hospital cardiac 
arrest have evidence of coronary artery disease,121 and 
70% have at least one significant coronary lesion demon-
strated by coronary angiography.122,123 These findings are 
the basis for the recommendation endorsing early, urgent 
coronary angiography after resuscitation from cardiac 
arrest, even if 12-lead ECG is not suggestive of myocardial 
ischemia after resuscitation. Early coronary interventions 
that re-establish coronary blood flow improve myocardial 
recovery and electrical and hemodynamic stability. Fibri-
nolytic therapy provided to survivors of out-of-hospital 
cardiac arrest has not been shown to have favorable out-
comes, particularly compared with PCI.124,125 Attention 
must be directed toward facilitating early PCI in survivors 
of cardiac arrest as part of an advanced postcardiac arrest 
protocol, including those patients remaining comatose 
after resuscitation.

TARGETED TEMPERATURE MANAGEMENT

The median survival rate from out-of-hospital cardiac 
arrest is 8.4% (3.0% to 16.3%).126,127 Only one-third of 
individuals in out-of-hospital cardiac arrest survive to 
hospital admission, and two-thirds of these survivors 
die before hospital discharge.128 The majority of patients 
dying after successful ROSC die from ischemic neurologic 
injury.129 In the setting of normothermia, cerebral blood 
flow less than 125 mL per minute and persisting for longer 
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than 7 minutes is associated with permanent neurologic 
damage130 (also see Chapter 54). Improved survival from 
cardiac arrest might be possible if interventions are used 
in attenuating the effects cardiac arrest exerts on central 
nervous system tissues.

Cerebral ischemia induces an inflammatory response 
of platelet aggregation and degranulation, protein and 
enzyme denaturalization, and neutrophil and comple-
ment activation, all of which increase permeability and/
or blood-brain barrier disruptions demonstrated by neu-
ronal damage biomarkers.131 Ischemic neurons become 
progressively acidotic in low-flow or no-flow states, lead-
ing to intracellular lactic acidosis and carbon dioxide 
retention. Intracellular acidosis inhibits enzymatic func-
tion, impairing neurotransmitter reuptake and depleting 
adenosine triphosphate (ATP) and adenosine diphos-
phate (ADP) stores. As adenosine accumulates, vasodila-
tation and neuronal edema result. As energy stores are 
depleted, sodium-potassium-ATPase dysfunction occurs 
in the neuronal membrane, resulting in extracellular 
hyperkalemia and intracellular hypercalcemia. Elevated 
intracellular calcium activates proteolytic and lipolytic 
enzymes, further disrupting neuronal membranes, result-
ing in massive liberation of excitatory neurotransmitters; 
glutamate is the most neurotoxic. Excess glutamate pro-
motes overactivation of glutamate receptors and excit-
ability of already stressed neurons, leading to a further 
influx of calcium into the neuron, resulting in neuronal 
death.

The cerebral inflammatory cascade might be attenu-
ated, first, by improved blood flow as a result of effective 
and uninterrupted chest compressions during resuscita-
tion efforts and, second, through induced hypothermia 
if ROSC is established and maintained. Drugs are inef-
fective in improving neurologic outcomes after cardiac 
arrest aside from their use to improve cerebral perfusion 
through improved cardiac output, to prevent hypoten-
sion, and to treat hyperglycemia.127 Induced hypother-
mia might reduce cerebral metabolic rate and oxygen 
consumption, as well as attenuate the cerebral ischemia–
induced inflammatory response associated with cardiac 
arrest states.

Since 2005, the AHA has endorsed targeted temperature 
management (i.e., induced core body temperatures 32° to 
34° C) over 12 to 24 hours for patients who are hemody-
namically stable and resuscitated from out-of-hospital VF 
or pulseless VT but remain comatose. The recommenda-
tions were reaffirmed in the 2010 AHA Guidelines for CPR 
and ECC.132 However, even the AHA experts contributing 
to the 2010 AHA Guidelines for CPR and ECC recognize 
the shortcomings of many of the studies on which the 
most current guidelines regarding targeted temperature 
management are based.

Much of the interest in postresuscitation therapeu-
tic hypothermia; that is, in targeted temperature man-
agement (to use current terminology), is driven by the 
results of a 2002 randomized control study demonstrat-
ing improved neurologic outcomes in comatose survivors 
after out-of-hospital VF or pulseless VT when hypothermia 
was induced and maintained.133 The entire body must be 
cooled for improved neurologic recovery after resuscita-
tion from cardiac arrest, not only the patient’s head. Several 
hours are usually required for cooling to and rewarm-
ing from target core body temperatures (32° to 34° C).  
Current clinical practices use a combination of fluid-filled 
cooling blankets, ice packs, forced air blankets, cold IV 
fluids, and/or invasive devices or catheters for manag-
ing controlled cooling and rewarming of patients. Sepsis 
is more frequent when intravascular devices are used to 
induce hypothermia, making this approach unfavorable 
in most circumstances.134

Although enthusiastically received, the survival results 
in the therapeutic hypothermia study133 remain sobering; 
a majority of patients in the hypothermia group either 
died before hospital discharge or suffered poor neurologic 
outcomes. However, those surviving to hospital discharge 
had better neurologic recovery when compared with the 
control patients. The exact mechanism responsible for 
improved neurologic outcomes after targeted tempera-
ture management is unknown.

In a retrospective study of the Finnish Intensive Care 
Consortium, investigators reviewed patients admitted 
to ICUs after resuscitation from out-of-hospital cardiac 
arrests in the “pre-hypothermia” era (2000 to 2002) and 
the “hypothermia” era (2003 to 2008), evaluating the 
impact of targeted temperature management on patient 
survival.135 Patient characteristics were similar for age, 
sex, and initial Glasgow coma scores, except patients 
treated after 2003 had higher illness severity. Specific 
neurologic parameters were not evaluated. The authors 
reported that the implementation of targeted tempera-
ture management resulted in a significantly reduced risk 
for in-hospital death after out-of-hospital cardiac arrest 
(57.9% mortality decreased to 51.1% mortality). How-
ever, the survival rate has not changed since the wide-
spread adoption of targeted temperature management 
in 2003, despite the increasing use of this therapy. The 
majority of patients experiencing out-of-hospital VF or 
pulseless VT cardiac arrests still die.

Targeted temperature management is beneficial most 
obviously with VF and pulseless VT cardiac arrests. Large 
registries have evaluated targeted temperature man-
agement for cardiac arrest scenarios other than VF and 
pulseless VT, finding no improved survival nor improved 
neurologic outcomes in these patients.136 Coincident 
with the wide adoption of targeted temperature manage-
ment after ROSC following cardiac arrest for any arrhyth-
mia, BLS attention for uninterrupted chest compressions 
has improved. A large registry assessing the influence of 
uninterrupted chest compressions in cardiac arrest related 
to nonshockable cardiac arrhythmias has demonstrated 
improved resuscitation and neurologic outcomes.137 The 
conduct of BLS in accordance with the 2010 AHA Guide-
lines for CPR and ECC may confound results from ret-
rospective clinical observations, suggesting the benefit of 
targeted temperature management only to shockable car-
diac arrhythmias. At this time, targeted temperature man-
agement is increasingly being considered for all survivors 
of nontraumatic cardiac arrest, particularly those with in-
hospital cardiac arrests, although clinical evidence clearly 
demonstrates benefits for shockable arrhythmias.

The 2010 AHA Guidelines for CPR and ECC recom-
mend that targeted temperature management be con-
sidered for any patient who is hemodynamically stable 
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and resuscitated from cardiac arrest but who remains 
unresponsive after ROSC. The optimal time for initiat-
ing targeted temperature management is not known, nor 
are data available on optimal rates of rewarming from 
induced hypothermia. In most circumstances, targeted 
temperature management is part of a postresuscitation 
“bundle” of care that coordinates induction and mainte-
nance of hypothermia, followed by careful rewarming all 
provided by a team of health care providers familiar with 
induced hypothermia protocols.138 Sedation, neuromus-
cular blockade, and mechanical ventilation are required 
for patient management during the period of inducing, 
maintaining, and rewarming from hypothermia.

Temperature management after ROSC following car-
diac arrest has provided important observations. Patients 
with low body temperatures after resuscitation from 
nontraumatic cardiac arrest (median 34.5° C [interquar-
tile range 33.7° to 35.9° C] versus 35.1° C [interquartile 
range 34.4° to 35.8° C]) had a higher rate of in-hospital 
mortality than those patients with higher body tempera-
tures at admission.139 This same study observed that in 
summer months, nonsurvivors after ROSC following 
cardiac arrest had higher body temperatures at admis-
sion than survivors. Together, these observations suggest 
impaired body temperature control is associated with 
poor survival after cardiac arrest. Hypothalamic dysfunc-
tion with impaired thermoregulatory control is proposed 
for both trauma-related and cardiac arrest–related body 
temperature observations.139-141 The proposed hypotha-
lamic dysfunction role in impaired temperature regula-
tion after resuscitation from cardiac arrest might result 
from global cerebral ischemia affecting central ther-
moregulation and/or impairment of peripheral vaso-
motor pathways responsible for vasoconstriction and 
vasodilatation.139,142Although Benz-Woerner and associ-
ates139 noted a lower body temperature in nonsurvivors 
at admission, the adjusted time to reach target hypo-
thermic temperature was not different between groups. 
Finally, this study demonstrated that nonsurvivors after 
resuscitation from cardiac arrest required a longer time to 
rewarm, compared with survivors (600 ± 144 minutes in 
nonsurvivors versus 479 ± 120 minutes for survivors).139 
The management of impaired intrinsic body temperature 
appears to be an important predictor of survival after 
resuscitation from cardiac arrest.

During the time period of targeted temperature man-
agement, hemodynamic instability, arrhythmias, elec-
trolyte abnormalities, seizures, bleeding, hyperglycemia, 
and infections are not uncommon. In a large prospective 
observational study of 754 patients resuscitated from out-
of-hospital cardiac arrests, adverse events were studied 
evaluating their influence(s) on mortality.134 Pneumonia 
occurred in nearly one-half of patients (with or without 
hypothermia therapy) but had no influence on mortal-
ity. Only seizures requiring anticonvulsant therapy and 
sustained hyperglycemia (>144 mg/dL) were associated 
with increased mortality. Seizures occurred in 182 of the 
754 participants (24%) in this study group. Significantly 
longer delays between onset of cardiac arrest and the ini-
tiation of cardiopulmonary resuscitation and longer resus-
citations before ROSC were unique to these patients, and 
the likelihood of asystole or PEA as initial cardiac rhythm 
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ere all unique to those experiencing seizures. Although 
 ominous sign, seizures did not imply uniformly poor 
rvival; 31 patients with seizures requiring anticonvul-
nt therapy survived with good neurologic outcomes at 

 months. Sustained hyperglycemia is considered repre-
ntative of a stress response related to increased endog-
ous and exogenous catecholamine loads, suggesting 
vere clinical insult. Currently, the ideal blood glucose 
vel has not been established for survivors of cardiac 
rest. Avoiding hypoglycemia in this period after cardiac 
rest seems equally important as treating hyperglycemia; 
ypoglycemia was also associated with increased mortal-
y as well.

Prognosis for neurologic recovery after targeted 
mperature management is a complex issue facing 
hysicians caring for survivors of cardiac arrest. Benzo-
iazepines, neuromuscular blocking agents, IV sedatives, 
d narcotics are often used in the period during which 

ypothermia is induced after resuscitation from cardiac 
rest. Hypothermia interferes with the pharmacokinet-
s and pharmacodynamics of these medications. The 
resence of medications with their effects on neurologic 
r neuromuscular function interferes with brainstem 
flexes, electroencephalographs (EEGs), and somatosen-
ry-evoked potentials (SSEPs), making interpretation of 

europhysiologic findings difficult.143

Neurologists rely on a commonly used measure for 
redicting neurologic outcome after a neurologic injury, 
e Glasgow-Pittsburgh Cerebral Performance Category 
P-CPC) scale,143 which is summarized in Box 108-5.
A neurologist’s clinical evaluation assessing neuro-

gic recovery after resuscitation from cardiac arrest 
cludes pupillary light response, corneal reflexes, and 
otor responses to painful stimuli.143 Current Ameri-
n Academy of Neurology (AAN) practice parameters 
r examinations 72 hours after resuscitation from a car-

iac arrest submit that absent pupillary responses, absent 
rneal reflexes, or absent motor responses or extensor 

osturing predict a poor neurologic recovery with a high 
egree of certainty in patients not exposed to induced hypo-
ermia.144 In those patients treated with hypothermia, 
covery of motor function within 24 hours of discon-
nuing sedation for induced hypothermia predicts good 
eurologic outcome with 100% specificity.145 The EEG 
 useful even during hypothermia since the waveforms 
ould not be significantly affected by hypothermia 
one (also see Chapter 49). Sedatives and hypnotic drugs 
duce extremely low-voltage EEG patterns. The AHA 

010 Guidelines for CPR and ECC recommend a “spot” 
EG as early as possible or continuous EEG monitoring 

CPC 1
CPC 2
CPC 3
CPC 4
CPC 5

Full neurologic recovery
Moderate neurologic disability
Severe neurologic disability but preserved consciousness
Coma or persistent vegetative state
Death

BOX 108-5 Glasgow-Pittsburgh Cerebral 
Performance Category Scale and Functional 
Outcomes

C, Cerebral performance category.
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in patients being treated with hypothermia.132 Seizures 
noted on EEG monitoring should be aggressively treated, 
but the effect that anticonvulsants have on neurologic 
outcomes is not known.

The AAN practice parameters do not address the influ-
ence that induced hypothermia after cardiac arrest resus-
citation (and the pharmacologic interventions associated 
with this therapy) has on neurologic prognostication in 
this patient population. Traditional data used for deter-
mining poor neurologic recovery cannot be reliably 
used once the patient has undergone induced hypother-
mia. Neuroprognostication after targeted temperature 
management and resuscitation from cardiac arrest is an 
active topic of research and comment and will probably 
be addressed more thoroughly in the next version of the 
AHA resuscitation guidelines.

POSTRESUSCITATION OXYGEN THERAPY

Increased concern has been raised in the resuscitation 
community as to the optimal inspired oxygen concen-
tration after restoration of circulation after cardiac arrest. 
Animal studies have demonstrated improved survival 
after hypoxic and ischemic episodes when low rather than 
high arterial oxygen concentrations accompanied restora-
tion of blood flow.146-149 Is an increased arterial oxygen 
concentration during ROSC harmful to ischemic cells, 
particularly neurons, and should lower inspired oxygen 
concentrations be provided during resuscitation efforts?

At the basic science level, when cells become hypoxic 
during normothermic hypoperfusion events (i.e., circu-
latory arrest), cellular energy (ATP) production converts 
from aerobic (oxidative phosphorylation) to anaerobic 
metabolism (glycolysis). Glycolysis is not sufficient for 
prolonged energy production in most cells, particularly 
neurons, during periods of low blood flow. If perfusion 
and oxygen delivery are restored to ischemic cells, then 
oxygen free radicals, particularly superoxide (O2

−), are 
produced in the mitochondria and through nicotinamide 
adenine dinucleotide phosphate hydrogen (NADPH) oxi-
dation. Superoxide dismutase is a cellular enzyme respon-
sible for oxygen free radical detoxification but becomes 
overwhelmed as ischemia persists, as well as when large 
amounts of oxygen free radical species are generated dur-
ing reperfusion. The negative consequences of reperfu-
sion reported in animal studies are consistent with these 
oxygen free radical production theories.

Negative outcomes when high versus low concentra-
tions of oxygen are provided during resuscitations from 
cardiac arrest have been shown in animal studies. How-
ever, human outcome studies addressing high versus 
normal arterial oxygen contents have not been nearly 
as convincing. Bellomo and associates, in a retrospec-
tive analysis of 12,108 patients resuscitated from non-
traumatic cardiac arrest, reported that hyperoxia (arterial 
partial pressure of oxygen [PaO2] greater than 300 mm 
Hg) had no independent association with negative out-
comes with respect to in-hospital mortality.150 They also 
reported that hypoxia after cardiac arrest had the lowest 
hospital discharge rates.

At this time, no human studies have demonstrated 
clear evidence that hyperoxia must be avoided after 
resuscitation from cardiac arrest. Although hyperoxia 
probably offers no additional benefit to survivors of car-
diac arrest, hypoxia is clearly harmful to these patients 
and must be avoided. Based on the available information, 
the 2010 AHA Guidelines for CPR and ECC recommend 
an approach for managing survivors of cardiac arrest that 
titrates oxygen therapies to attain oxygen saturations of 
94% to 98% as soon as reliable continuous pulse oximetry 
is available.132

PEDIATRIC RESUSCITATION

Children are no more tolerant to cardiac arrest than 
adults, as demonstrated by the poor survival statis-
tics in pediatric cardiac arrests. Overall, approximately 
6% of pediatric patients survive out-of-hospital cardiac 
arrests.151 Results for in-hospital pediatric cardiac arrest 
are better. The 2008 National Registry of Cardiopulmo-
nary Resuscitation (NRCPR) reported an overall survival 
of 33% of pulseless cardiac arrests among in-hospital 
pediatric patients.152 Survival from pediatric cardiac arrest 
requires prompt recognition and treatment, just as with 
adults (also see Chapter 93).

Pediatric resuscitation is an area of clinical expertise 
requiring unique understanding, clinical skills, and thera-
peutic considerations. Recognition of this perspective is 
evident in the 2010 AHA Guidelines for CPR and ECC. 
However, health care providers must realize resuscitation 
recommendations are intended for both adult and pediat-
ric resuscitations; simplified and streamlined for retention 
and use in resuscitation efforts, regardless of the patient’s 
age. As with adults, pediatric chest compressions, when 
performed by a single rescuer, should be delivered at a 
rate of 100 compressions per minute with 2 breaths inter-
posed every 30 compressions.

Interruptions in chest compressions should be minimal 
and of short duration, even for airway management and 
defibrillation, just as with adult resuscitation. Minimally 
interrupted and effectively performed chest compres-
sions, ventilation, and prompt defibrillation are associ-
ated with improved resuscitation from cardiac arrest in 
children rather than medication administration. In light 
of this information, ACLS training provides sufficient 
consistencies in treatment recommendations extending 
from the young to the very old to be effectively used in 
the treatment of any child or adult in cardiac arrest. AHA 
textbooks and handbooks are available for consultation 
regarding more specific details.

PEDIATRIC BASIC LIFE SUPPORT

Primarily for the convenience and uniformity of training, 
infants are considered to be 1 month to 1 year of age and 
children are 1 year of age to puberty (i.e., breast develop-
ment in girls). Adults are considered those in or beyond 
puberty. Figure 108-20 depicts current recommendations 
for health care worker–provided Pediatric Basic Life Sup-
port (PALS) (see Fig. 108-20).152

When an unresponsive child is encountered, a brief 
attempt at confirming unresponsiveness is indicated. If 
the child is unresponsive, then a call for help, the retrieval 
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3A

4

5

6

7 8

3

Unresponsive
Not breathing or only gasping

Send someone to activate emergency
response system, get AED/defibrillator

Lone Rescuer: For SUDDEN COLLAPSE,
activate emergency response system,

get AED/defibrillattor

Check pulse:
DEFINITE pulse

 within10 seconds?

High-Quality CPR
   • Rate at least 100/min
   • Compression
     depth to at least
     1/2 anterior-posterior
     diameter of chest,
     about 1 1/2 inches
     (4 cm) in infants
     and 2 inches (5 cm)
     in children
   • Allow complete
     chest recoil after each
     compression
   • Minimize interruptions
     in chest compressions
   • Avoid excessive
     ventilation

One Rescuer: Begin cycles of 30 COMPRESSIONS and 2 BREATHS

Two Rescuers: Begin cycles of 15 COMPRESSIONS and 2 BREATHS

After about 2 minutes, activate emergency response system and get
AED/defilbrillator (if not already done).

Use AED as soon as availlable.

Check rhythm
Shockable rhythm?

Shockable

Note: The boxes bordered with dashed lines are performed
by healthcare providers and not by lay rescuers. @ 2010 American Heart Association

Give 1 shock
Resume CPR immediately

for 2 minutes

Not Shockable

Resume CPR immediately
for 2 minutes

Check rhythm every
2 minutes; continue until

ALS providers take over or
victim starts to move

• Give 1 breath every
  3 seconds
• Add compressions
  if pulse remains
  <60/min with
  poor perfusion
  despite adequate
  oxygenation and
  ventilation
• Recheck pulse every
  2 minutes

Pediatric BLS Healthcare Providers

No Pulse

Definite
Pulse

igure 108-20. 2010 American Heart Association pediatric basic life support (BLS) for health care providers algorithm. AED, Automatic external 
efibrillator; ALS, advanced life support; CPR, cardiopulmonary resuscitation. (From Berg MD, Schexnayder SM, Chameides M, et al: Part 13:  pediatric 
asic life support: 2010 American Heart Association Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care, Circulation 
22(18 Suppl 3):S866, 2010.)
of resuscitation equipment, and the detection of the pres-
ence or absence of a pulse is indicated when more than 
one rescuer is available. The single rescuer should initi-
ate an emergency response system and then check for a 
pulse. The detection of a femoral or brachial pulse is often 
difficult for both health care and lay rescuers.153,154 The 
rescuer should spend no more than 10 seconds palpating 
for an obvious pulse. Chest compressions should be initi-
ated if no obvious pulse is present or if a palpable pulse in 
an infant is less than 60 beats per minute.
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As with adults, the initial pediatric basic life support 
resuscitation sequence now emphasizes chest compres-
sions first, rather than airway management. Although 
asphyxia is a more common cause in pediatric cardiac 
arrest than VF, for simplicity in training, chest compres-
sions rather than rescue breathing is recommended as the 
initial intervention for pediatric cardiac arrest resuscita-
tion efforts. The cycle of 30 chest compressions before res-
cue breathing delays ventilation for only 15 to 20 seconds.

Chest compressions should be performed at a rate 
of 100 compressions per minute. In infants, the rescuer 
should place two fingers just below the inframammary 
line on the sternum and compress the sternum to one-
third the anteroposterior depth of the chest (approxi-
mately 4 cm). In children, chest compressions should be 
performed by compressing the lower half of the sternum 
(avoiding the xiphoid process) with one or two hands 
to a depth one-third the anteroposterior depth of the 
chest (5 cm). Thirty compressions should be delivered, 
followed by two rescue breaths provided with minimal 
interruptions in chest compressions. Chest compressions 
and rescue breathing should be performed for 2 minutes 
before reassessing the presence of a pulse. Each compres-
sion should be followed by full recoil of the chest, which 
allows unimpeded venous return to the heart.

Lone rescuers should perform 30 chest compressions 
with two interposed breaths during resuscitation. If two 
rescuers are present, then a chest compression-to-ven-
tilation pattern of 15:2 should be used with minimal 
interruption and pauses of chest compressions for rescue 
breath delivery. If an advanced airway is present, then res-
cue breathing can be provided at a rate of 8 to 10 breaths 
per minute without interruption of chest compressions.

Sudden witnessed collapse in a child is likely to be from 
VF. Application of an AED to an infant or child in cardiac 
arrest would ideally include a pediatric attenuator (limit-
ing shock energy for the smaller body size) and pediatric 
defibrillation pads. With infant cardiac arrest, a manual 
defibrillator is recommended. Initial defibrillation energy 
in pediatric cardiac arrest is 2 J/kg and increased to 4 J/kg 
if a second shock is indicated. If no pediatric defibrillator 
is available, then an adult AED should be applied and used 
without hesitation. Defibrillation is critically important.

Foreign Body Airway Obstruction
More than 90% of childhood deaths from FBAO occur in 
children younger than 5 years old. Liquids are the most 
common source for infant choking. Small objects (e.g., 
balloons, food) are responsible for most childhood chok-
ing (also see Chapters 55 and 93). If a child is making 
sounds or is coughing, the adult should carefully monitor 
but not intervene. If the choking is severe—no coughing, 
no breathing—an intervention is necessary. Infant chok-
ing should be relieved with five back blows followed by 
five chest compressions until the obstruction is relieved. 
In the choking child, the Heimlich maneuver (abdomi-
nal thrusts) should be performed until the obstruction is 
relieved. In either circumstance, if the choking infant or 
child becomes unresponsive, CPR should be started with 
30 chest compressions, followed by an airway examina-
tion to identify the presence of the foreign body. Two res-
cue breaths should be attempted. If the airway obstruction 
is not relieved, then CPR should be restarted and contin-
ued until the airway obstruction is relieved.

Drowning
When a drowning infant or child is encountered by a 
single rescuer, a CPR pattern of 2 minutes of 30:2 com-
pression-to-ventilation should be provided before sum-
moning help. If two or more rescuers are available, then 
help should be immediately summoned. Oxygen and ven-
tilation should be provided at the earliest opportunity.

PEDIATRIC ADVANCED LIFE SUPPORT

Unlike adults, infants and children experience cardiore-
spiratory arrest secondarily, rarely as a result of a primary 
cardiac event. This observation is critical because ACLS 
interventions primarily directed toward the restoration 
of cardiac function may cause the physician to delay 
properly directed therapy (also see Chapter 95). As an 
example, progressive respiratory failure with worsening 
hypoxia and respiratory acidosis leads to bradycardia and 
hypotension that can further progress to cardiac arrest. 
The cardiac arrest is the result of hypoxia not a primary 
cardiac event. Treatment with atropine in a futile attempt 
to increase heart rate in a hypoxic, hypercarbic child 
would be an example of misdirected therapy.

VF and VT is the presenting rhythm in up to 15% of 
pediatric in-hospital and out-of-hospital cardiac arrests.151 
The incidence of lethal ventricular arrhythmias increases 
with age through childhood.155 Increasing evidence sup-
ports a genetic abnormality that results in myocardial ion 
channelopathies as possible sources for lethal ventricular 
arrhythmias in children. This background provides evi-
dence that primary cardiac events are possible causes for 
pediatric cardiac arrests. Distinguishing primary from sec-
ondary cardiac causes of pediatric cardiac arrest requires 
thoughtful consideration of relevant clinical data and a 
familiarity with multiple pediatric advanced life support 
resuscitation algorithms.

Airway Control and Ventilation
Considering the high incidence of respiratory rather than 
cardiac causes of pediatric cardiac arrests, anesthesiolo-
gists are fully aware of the need for effective basic and 
advanced airway management and the importance of 
oxygenation and ventilation. Airway management is of 
utmost importance in respiratory-related cardiac arrests. 
As with adult cardiac arrests, airway management should 
not cause prolonged interruption of chest compressions. 
If effective ventilation is provided with mask ventilation, 
then an endotracheal tube is not necessarily mandatory. 
Alternative airways (e.g., laryngeal mask airway) should 
be considered when endotracheal intubation proves 
difficult or when intubation would result in prolonged 
interruption of chest compressions. As with adults, the 
placement of an advanced airway warrants confirmation 
of placement using a carbon dioxide detector and bilat-
eral breath sounds.

Venous Access
Vascular access can be challenging in the child who is 
critically ill. Intraosseous (IO) access is often pursued in 
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children who are critically ill without other IV access 
because of its ease of placement and the rapid entry of 
fluids and medications into the central circulation.

All resuscitation medications and blood products can 
be injected into IO catheters. Circulating medication 
levels are equivalent between IV and IO routes.156 IO 
administration of medications is preferred to endotra-
cheal administration. Because of the resistance to fluid 
flow from the IO catheter into the IO space, fluids must 
be pressurized to carry fluid into circulation.

Monitoring and Arrhythmia Recognition
ECG monitoring permits the immediate recognition of the 
arrest rhythm or, more likely in infants and children, the 
pre-arrest rhythm. Prompt intervention and correction in 
the latter event may prevent cardiac arrest that may be irre-
versible if induced by hypoxia manifested by progressive 
bradycardia. With this in mind, potentially life-threatening 
arrhythmias are discussed first, followed by cardiac arrest.

Su
Th
ra
m
Br
or
bl
pr
ca
pe
pa
ep
fo
pe

ca
0.
or
Ep
Pediatric Bradycardia
With a Pulse and Poor Perfusion
ary Resuscitation: Basic and Advanced Life Support 3209

praventricular Bradyarrhythmia
e appearance and progression of a slowing of the heart 

te in infants and children demand immediate assess-
ent of the cause, beginning with hypoxia (Fig. 108-21). 
adycardia before cardiac arrest is most commonly sinus 
 junctional in origin. Second- or third-degree heart 
ock may ensue if oxygen and other therapies are not 
ovided. If hypoxia has been ruled out and the brady-
rdia is accompanied by clinical evidence of impaired 
rfusion, usually with systemic hypotension, then the 
tient should be treated with chest compressions and 
inephrine. Chest compressions should be considered 
r infants and children with pulses less than 60 beats 
r minute.
Epinephrine is the drug of choice for treating brady-

rdia in infants and children. The recommended dose is 
01 mg/kg of a 1:10,000 solution injected intravenously 
 intraosseously (IO doses are equivalent to IV doses). 
inephrine can be repeated as needed every 3 to 5 
Figure 108-21. 2010  American 
Heart Association pediatric advanced 
life support (PALS) bradycardia algo-
rithm. ABC, Airway, breathing, cir-
culation; AV, atrioventricular; ECG, 
electrocardiogram; HR, heart rate; 
IO, intraosseous; IV, intravenous. 
(From Kleinman ME, Chameides L, 
Schexnayder SM, et al: Part 14: pedi-
atric advanced life support: 2010 
American Heart Association Guide-
lines for Cardiopulmonary Resuscita-
tion and Emergency Cardiovascular 
Care, Circulation 122(Suppl 3):S888, 
2010.

Cardiopulmonary
Compromise

Doses/Details

Identify and treat underlying cause
• Maintain patent airway; assist breathing as necessary
• Oxygen
• Cardiac monitor to identify rhythm; monitor blood pressure and oximetry
• IO/IV access
• 12-Lead ECG if available; don't delay therapy

Cardiopulmonary
compromise
continues?

No

No

Yes

Yes

CPR if HR <60/min
with poor perfusion despite
oxygenation and ventilation

• Hypotension
• Acutely altered mental status
• Signs of shock

Epinephrine IO/IV Dose:
0.01 mg/kg (0.1 mL/kg
of 1:10 000 concentration),
Repeat every 3–5 minutes.
If IO/IV access not available
but endotracheal (ET) tube
in place, may give ET dose:
0.1 mg/kg (0.1 mL/kg of
1:1000).

Atropine IO/IV Dose:
0.02 mg/kg. May repeat once.
Minimum dose 0.1 mg
and maximum single dose
0.5 mg.

• Support ABC
• Give oxygen
• Observe
• Consider expert
  consultation

Bradycardia
persists?

If pulseless arrest develops, go to Cardiac Arrest Algorithm

© 2010 American Heart Association
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• Epinephrine
• Atropine for increased vagal tone
  or primary AV block
• Consider transthoracic pacing/
  transvenous pacing
• Treat underlying causes
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minutes. If the drug is injected into the tracheobronchial 
tree through an endotracheal tube, then 0.1 mg/kg of a 
1:1,000 dilution is recommended.

If epinephrine does not increase the heart rate, then 
atropine can be used in a dose of 0.2 mg/kg and repeated 
once. TCP should also be considered for bradycardia 
refractory to epinephrine and atropine.

Supraventricular Tachyarrhythmias
In infants and children, SVT may represent ectopic atrial 
rhythms, atrial flutter or fibrillation, or paroxysmal 
reentrant tachycardia.157 Standard pediatric cardiology 
texts should be consulted for specific diagnostic and ther-
apeutic recommendations (Fig. 108-22). Although SVT 
is usually well tolerated in most infants and older chil-
dren, immediate cardioversion may be necessary when 
heart rates in the range of 240 to 300 beats per minute are 
reached. Heart rates at these extremes may result in severe 
and rapid hemodynamic compromise. In the emergent 
setting where rapid SVT causes cardiovascular insta-
bility,158 synchronized cardioversion is the treatment 
of choice. The initial energy dose is 0.5 J/kg to 1.0 J/kg  
1

2

3

4 5 9

10

11

8

76 12

13

Pediatric Tachycardia
With a Pulse and Poor Perfusion

• Maintain patent airway; assist breathing as necessary
• Oxygen
• Cardiac monitor to identify rhythm; monitor blood pressure and oximetry
• IO/IV access
• 12-Lead ECG if available; don't delay therapy

Evaluate
QRS duration

Possible
ventricular
tachycardia

Begin with 0.5-1 J/kg:
if not effective, increase
to 2 J/kg.
Sedate if needed, but
don't delay cardioversion.

First dose: 0.1 mg/kg
rapid bolus (maximum:
6 mg).
Second dose:
0.2 mg/kg rapid bolus
(maximum second
dose 12mg)

5 mg/kg over
20–60 minutes

15 mg/kg over
30–60 minutes

Do not routinely
administer amiodarone
and procainamide
together.

or

• Hypotension
• Acutely altered
  mental status 
• Signs of shock

No

Yes

Cardiopulmonary
compromise?

Doses/Details

Synchronized
Cardioversion:

Adenosine IO/IV Dose:

Amiodarone IO/IV Dose:

Procainamide IO/IV Dose:

Search for and
treat cause

Consider vagal
maneuvers
(No delays)

Synchronized
cardioversion

Consider
adenosine
if rhythm
regular

and QRS
monomorphic

Expert
consultation
advised 
• Amiodarone
• Procainamide

• If IO/IV access present, give
  adenosine
                OR
• If IO/IV access not available,
  or if adenosine ineffective,
  synchronized cardioversion

Evaluate rhythm
with 12-Lead

ECG or monitor

Probable
sinus tachycardia

Probable
supraventricular tachycardia

• Compatible history consistent
  with known causes

• P waves present/normal
• Variable R-R; constant PR
• Infants: rate usually <220/min
• Children: rate usually <180/min

• Compatible history (vague,
  nonspecific): history of abrupt
  rate changes
• P waves absent/abnormal
• HR not variable
• Infants: rate usually ≥ 220/min
• Children: rate usually ≥180/min

Narrow (≤0.09 sec) Wide (>0.09 sec)

Identify and treat underlying cause

© 2010 American Heart Association

Figure 108-22. 2010 American Heart Association pediatric advanced life support (PALS) tachycardia algorithm. ECG, electrocardiogram; HR, 
heart rate; IO, intraosseous; IV, intravenous. (From Kleinman ME, Chameides L, Schexnayder SM, et al: Part 14: pediatric advanced life support: 2010 
American Heart Association Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care, Circulation 122(18 Suppl 3):S887, 
2010.)
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body weight. If necessary, the energy dose is doubled.159 
If conversion to sinus rhythm remains unsuccessful, then 
the diagnosis of SVT should be reconsidered.

In children with SVT who are hemodynamically stable, 
vagal maneuvers are recommended before pharmacologic 
therapy. If vagal maneuvers are unsuccessful, then ade-
nosine is the drug of choice and administered as a rapid 
bolus in an IV or IO dose of 0.1 mg/kg. If the SVT per-
sists or recurs, then a second dose of an IV or IO dose of  
0.2 mg/kg can be given in 1 to 2 minutes. The maximum 
single adenosine dose should not exceed 12 mg.

In circumstances during which adenosine has been 
unsuccessful in converting hemodynamically stable SVT, 
procainamide (15 mg/kg over a period of 30 to 60 min-
utes) and amiodarone (5 mg/kg over a period of 20 to 60 
minutes) can be considered before cardioversion. Com-
bining these therapies is not recommended.

Verapamil is not recommended for pediatric SVT in 
an emergency setting because it may induce hypotension 
and a state of depressed myocardial contractility. Specifi-
cally, verapamil is not recommended in this setting for 
infants younger than 1 year, children with congestive 
heart failure or myocardial depression, children receiving 
β-adrenergic blocking drugs, or children who may have 
an accessory pathway between the atria and ventricles.

Ventricular Bradycardia
As with supraventricular bradycardia, a slow idioventricu-
lar rhythm that has not yet produced pulselessness must 
be considered indicative of severe hypoxia, and treatment 
must be directed toward improving oxygenation and ven-
tilation. Only after hypoxia has been addressed should 
rate-accelerating therapy be pursued, as discussed with 
supraventricular bradyarrhythmias.

Ventricular Tachyarrhythmia
Despite a common misconception, ventricular tachyar-
rhythmia is not always associated with severe hemody-
namic compromise. Ventricular rates of 150 to 200 beats 
per minute may be tolerated and defined as a palpable 
pulse, but ventricular tachyarrhythmias should be con-
verted to a normal rhythm. Emphasis is placed on an accu-
rate diagnosis with 12-lead ECGs before treatment if the 
patient remains hemodynamically stable. In the setting of 
wide QRS complex tachycardia, synchronized cardiover-
sion is the indicated treatment, beginning at 0.5 J/kg and 
increasing to progressively higher doses as needed and up 
to 2 J/kg using either monophasic or biphasic waveform 
shocks. If pharmacologic therapy is undertaken, amioda-
rone is the drug of choice and is delivered as described for 
the treatment of SVT. Intravenous procainamide (in doses 
identical for that of SVT) can also be considered. The two 
drugs should not be administered together. If the tachy-
cardia is very rapid (greater than 300 beats per minute) 
and/or cardiovascular collapse and loss of pulses occurs, 
then this situation should be treated like VF with chest 
compressions and unsynchronized defibrillatory shocks.

Management of Cardiac Arrest
Once pulselessness occurs, therapy must be directed not 
only at correcting the underlying rhythm disorder but 
also at maintaining organ viability during the period of 
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rdiopulmonary arrest. Meticulous attention must be 
id to ensure proper chest compression rate and depth 
 avoid hyperventilation and chest compression inter-
ptions, and to administer medication that supports per-
sion pressures during resuscitation efforts. The Pediatric 
vanced Life Support (PALS) Pulseless Arrest Algorithm 
shown in Figure 108-23.
In the great majority of pediatric cardiac arrests, brady-

ystole is the terminal cardiac electrical activity. Early 
minance of the parasympathetic nervous system and 

adrenergic activity may, in part, explain this domi-
nce of bradyasystolic mechanisms as the terminal event 
 infants. In addition, ventricular tachyarrhythmias  
F or VT) are most commonly seen in infants and chil-
en with congenital heart disease. Such children may 
ve cardiac hypertrophy and increased ventricular mass 
fficient to provide an anatomic substrate for reentrant 
ave fronts that initiate and sustain VF or VT.

lseless Electrical Activity and Asystole
diatric PEA, as in adults, includes disorders in which 
me form of cardiac electrical activity is present but 
ithout palpable pulses. In infants and children, this 
sorder is most commonly an idioventricular rhythm 
 a very slow and irregular rate (bradyasystole) and is 
e usual predecessor to ventricular asystole. When PEA 
present, an immediate and aggressive effort should be 
ade to identify treatable causes. As in adults, hypoxia, 
povolemia, tension pneumothorax, cardiac tampon-
e, and hypothermia or acidosis should be considered in 
ht of the clinical setting in which PEA or asystole devel-
s. Directing therapeutic efforts toward the most likely 
use may avoid the administration of medications.
For both PEA and asystole, epinephrine is the drug of 
oice and is initially given in an IV or IO dose of 0.01 
g/kg (0.1 mL/kg of a 1:10,000 solution) (both routes 
sult in equivalent blood levels) if potentially correct-
le sources of cardiac arrest have been pursued but inef-
ctive in terminating the condition. Epinephrine can be 
peated every 3 to 5 minutes via IV or IO routes as long as 
rdiac arrest persists. Defibrillation is not associated with 
nefit in PEA or asystole and should not be considered.

lseless Ventricular Tachycardia or 
ntricular Fibrillation
 occurs in 5% to 15% of all prehospital pediatric 

rests,160,161 and up to 20% of in-hospital pediatric 
rdiac arrests. VF and VT are relatively uncommon in 
fants and children, most likely with congenital heart 
sease. The increased cardiac muscle mass in congeni-
l heart syndromes provides the anatomic electrophysi-
ogic milieu for maintaining reentrant electrical wave 
onts necessary for propagating VT and VF. As in adults, 
e treatment of choice for pulseless VT or VF in children 
defibrillation, not medication therapy.
Defibrillation can be performed using adult defibrilla-

r pads if the affected child weighs more than 10 kg. 
 least 3 cm should separate the defibrillation pads or 
ddles. Infant pads or paddles should be used for chil-
en younger than 1 year or weighing less than 10 kg. 
ergy doses for safe and effective defibrillation in infants 

e not known. The 2010 AHA Guidelines for CPR and 
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 Pediatric Advanced Life Support (PALS)
Pulseless Arrest

Shout for Help/Activate Emergency Response

Yes 
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Shock

Shock

No

Rhythm
shockable? 
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shockable? 

Rhythm
shockable? 

Rhythm
shockable? 
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shockable? 
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VF/VT

CPR 2 min
• IO/IV access

              CPR 2 min
• Epinephrine every 3–5 min
• Consider advanced airway

           CPR 2 min
• Amiodarone
• Treat reversible causes

CPR 2 min
• Treat reversible causes

• Asystole/PEA → 10 or 11
• Organized rhythm → check pulse
• Pulse present (ROSC) →
  post-cardiac arrest care

             CPR 2 min
• IO/IV access
• Epinephrine every 3–5 min
• Consider advanced airway

Asystole/PEA

CPR Quality
• Push hard (≥ 1/3 of anterior-
  posterior diameter of chest
  and fast (at least 100/min)
  and allow complete chest
  recoil
• Minimize interruptions in
  compressions
• Avoid excessive ventilation
• Rotate compressor every
   2 minutes
• If no advanced airway,
  15:2 compression-
  ventilation ratio. If advanced
  airway, 8–10 breaths per
  minute with continuous
  chest compressions

Shock Energy
for Defibrillation
First shock 2 J/kg. Second
shock 4 J/kg. Subsequent
 shocks ≥4 J/kg, maximum
10 J/kg or adult dose.

Drug Therapy
•  Ephinephrine IO/IV Dose:
0.01mg/kg (0.1 mL/kg of
1:10 000 concentration),
Repeat every 3–5 minutes.
If no IO/IV access, may
give endotracheal doses;
0.1 mg/kg (0.1 mL/kg of
1:1000 concentration).
• Amiodarone IO/IV Dose:
5 mg/kg bolus during
cardiac arrest. May repeat
up to 2 times for refractory
VF/pulseless VT.

Advanced Airway
• Endotracheal intubation
  or supraglottic advanced
  airway
• Waveform capnography
  or capnometry to confirm
  and monitor ET tube
  placement
• Once advanced airway in
  place give 1 breath every
  6–8 seconds (8–10 breaths
  per minute)

Return of spontaneous
Circulation (ROSC)
• Pulse and blood pressure
• Spontaneous arterial
  pressure waves with
  intra-arterial monitoring

Reversible Causes
- Hypovolemia
- Hypoxia
- Hydrogen ion (acidosis)
- Hypoglycemia
- Hypo-/hyperkalema
- Hypothermia
- Tension pneumothorax
- Tamponande, cardiac
- Toxins
- Thrombosis, pulmonary
- Thrombosis, coronary

No

Yes

Yes

Shock

No

No

Yes

YesNo

Doses/Details             Start CPR
• Give oxygen
• Attach monitor/defibrillator

Figure 108-23. 2010 American Heart Association pediatric advanced life support (PALS) pulseless arrest algorithm. CPR, Cardiopulmonary resus-
citation; ECG, electrocardiogram; ET, endotracheal; IO, intraosseous; IV, intravenous; PEA, pulseless electrical activity; VF, ventricular fibrillation;
VT, ventricular tachycardia. (From Kleinman ME, Chameides L, Schexnayder SM, et al: Part 14: pediatric advanced life support: 2010 American Heart
Association Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care, Circulation 122(18 Suppl 3):S885, 2010.)
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ECC recommend 2 J/kg for the first defibrillation attempt 
(monophasic or biphasic waveforms), progressing to  
10 J/kg, or one adult defibrillation energy (depending on 
defibrillator manufacturer) if necessary for persistent ven-
tricular arrhythmias.158

As long as the cardiac arrest persists, epinephrine is the 
drug of choice and is initially given in an IV or IO dose of 
0.01 mg/kg (0.1 mL/kg of a 1:10,000 solution), as in PEA-
related arrests. Evidence for using vasopressin in pediatric 
cardiac arrests is insufficient. IV or IO amiodarone, 5 mg/
g, can be considered for persistent VT or VF that is unre-
ponsive to defibrillation. Amiodarone can be repeated 
wo times as needed for persistent VT or VF.

ermination of Pediatric Resuscitation 
ttempts
o clear clinical signs or reliable predictors indicate 
hether efforts made in resuscitating infants and chil-
ren will be successful. Witnessed cardiac arrest, prompt 
ffective chest compressions and ventilation, and 
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rapid initiation of advanced resuscitative interventions 
improve the chances of successful outcomes but do not 
guarantee successful resuscitation. Prolonged resuscita-
tions might be considered for infants and children with 
recurring or refractory VF or VT, particularly if cardio-
pulmonary support with extracorporeal membrane oxy-
genation (ECMO) is available162 and the source for the 
cardiac arrest is believed reversible.

Sudden Unexplained Deaths
Unexpected and unexplained deaths in infants to young 
adults may be associated with genetic variations or muta-
tions of ion channels in myocardial cells. Channelo-
pathies allow abnormal electrolyte movement across 
myocardial cell membranes, predisposing the heart to 
irregular depolarizations and arrhythmias.163-172 In 2% 
to 10% of infants or children163-170 and 14% to 20% of 
young adults who experience sudden cardiac death, 
channelopathies are found on autopsy to have channelo-
pathies.171,172 This information should be discussed with 
families of young children who unexpectedly die. The 
AHA recommends an autopsy performed by pathologists 
with experience in cardiovascular disease and a genetic 
analysis of first- and second-degree relatives searching for 
evidence of undiagnosed channelopathies.
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UTURE OF RESUSCITATION SCIENCE  
ND CARE

t this time, resuscitation science is evolving into areas 
hat could significantly improve the likelihood of survival 
fter cardiac arrest. The 2010 AHA Guidelines for CPR 
nd ECC emphasize uninterrupted chest compressions. 
vidence clearly demonstrates the value of high-quality 
hest compressions in resuscitation efforts as improving 
he chances of ROSC for lethal ventricular arrhythmias 
nd in patients experiencing asystole.

Several medications demonstrate improved rates of 
ospital admission after their use in cardiac arrest (e.g., 
pinephrine, amiodarone) yet failed in producing survi-
ors to hospital discharge. As therapeutic hypothermia 
nd targeted temperature management becomes increas-
ngly used for comatose survivors of cardiac arrest, per-
aps those surviving to hospital admission after cardiac 
rrest will eventually have higher chances for hospital 
ischarge with good neurologic recovery resulting from 
his therapy. The key to targeted temperature manage-

ent is a protocolized treatment regimen that provides 
eliable, timely, and consistent therapy for comatose 
urvivors or through establishing centers of expertise 
n this therapy. The optimal time for initiating targeted 
Figure 108-24. 2010 American 
Heart Association adult immediate 
post-cardiac arrest care algorithm. 
AMI, Acute myocardial infarction; 
FiO2, fraction of inspired oxygen con-
centration; IV, intravenous; PetCO2, 
partial pressure of end-tidal carbon 
dioxide; SBP, systolic blood pres-
sure; SpO2, saturation of peripheral 
oxygen; STEMI, ST-elevation myo-
cardial infarction. (From Peberdy 
MA, Callaway CW, Neumar RW, et al: 
Part 9: post-cardiac arrest care: 2010 
American Heart Association Guidelines 
for Cardiopulmonary Resuscitation 
and Emergency Cardiovascular Care, 
Circulation 122(18 Suppl 3):S768-
786, 2010. Available at: http:// 
circ.ahajournals.org/content/122/18_
suppl_3/S768.full.)

Adult Immediate Post-Cardiac Arrest Care
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No

No

Yes

Yes
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Treat hypotension (SBP <90mm Hg)

Follow
 commands?

STEMI
OR

 high suspicion of AMI

Return of Spontaneous
 Circulation (ROSC) Doses/Details

Coronary reperfusion

Advanced critical care
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Consider induced
 hypothermia

Optimize ventilation and oxygenation 
• Maintain oxygen saturation ≥94%
• Consider advanced airway and waveform
  capnography
• Do not hyperventilate

• IV/IO bolus
• Vasopressor infusion
• Consider treatable causes
• 12-Lead ECG

 Ventilation/Oxygenation
 Avoid excessive ventilation.
 Start at 10–12 breaths/min
 and titrate to target PetCO2
 of 30–40 mm Hg.
 When feasible, titrate FIO2
 to minimum necessary to
 achieve SPO2 ≥ 94%

  IV Bolus
 1–2 normal saline
 or lactated Ringer’s.
 If inducing hypothermia,
 may use 4°C fluid.

 Epinephrine IV Infusion:
 0.1–0.5 µg/kg per minute
 (in 70-kg adult: 7–35 µg
 per minute)

Dopamine IV Infusion:
5–10 µg/kg per minute

 Norepinephrine
 IV Infusion:
 0.1–0.5 µg/kg per minute
 (in 70-kg adult: 7–35 µg
 per minute)

Reversible Causes
− Hypovolemia
− Hypoxia
− Hydrogen ion (acidosis)
− Hypo-/hyperkalemia
− Hypothermia
− Tension pneumothorax
− Tamponade, cardiac
− Toxins
− Thrombosis, pulmonary
− Thrombosis, coronary

http://circ.ahajournals.org/content/122/18_suppl_3/S768.full
http://circ.ahajournals.org/content/122/18_suppl_3/S768.full
http://circ.ahajournals.org/content/122/18_suppl_3/S768.full
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temperature management has not yet been identified. 
Interfacility transfer should be considered if a survivor 
of cardiac arrest arrives at a hospital that does not have 
the capability of providing targeted temperature manage-
ment since hours between resuscitation and the initiation 
of the therapy has been demonstrated to provide benefit.

EXTRACORPOREAL MEMBRANE 
OXYGENATION

Although not specifically addressed in the 2010 AHA 
Guidelines for CPR and ECC, a growing body of experi-
ence and clinical reports describing the use and benefits 
of ECMO for persistent cardiac arrest warrants mention 
in this chapter.

Extracorporeal life support (ECLS) can be considered 
for patients with severe biventricular failure after resus-
citation from cardiac arrest, persistent VF or PEA after 
correcting an instigating coronary lesion in the coronary 
catheterization laboratory (where ventricular function 
recovery is anticipated), or in pediatric patients experi-
encing lethal arrhythmias as a result of myocarditis or the 
suspicion of myocardial channelopathies. Several institu-
tions have reported their clinical experiences using ECLS 
that span many years.173-175 In some reports, ECLS is being 
initiated in emergency departments by emergency phy-
sicians.176 In nearly all reports, ECLS is considered very 
early in resuscitation efforts and is performed by experi-
enced ECLS clinicians. Placement of large vascular cath-
eters, one of which extends to the right atrium, during 
chest compressions to initiate ECLS therapy is technically 
challenging and time consuming. ECLS is only offered in 
tertiary centers with access to and experience with this 
technology. As a result, the theory of ECLS is far more 
hopeful than clinical evidence demonstrates at this time.

COORDINATED POSTRESUSCITATION CARE

Most deaths after cardiac arrest occur in the first 24 
hours.177,178 The AHA 2010 Guidelines for CPR and ECC 
emphasize the value of clinical experience with treating 
resuscitations from cardiac arrest, as well as access to car-
diac catheterization laboratory interventions and intensive 
care management of cardiac arrest survivors. Figure 108-24 
demonstrates a treatment algorithm for survivors of car-
diac arrest. Although the best treatment algorithm for sur-
vivors of cardiac arrest is currently unknown, coordinated, 
consistent care provided by experienced health care profes-
sionals in a facility with multiple advanced interventions 
available and a review process for the care rendered to sur-
vivors of cardiac arrest all contribute to optimized care and 
will likely contribute to improved patient outcomes.132

Acknowledgment
The author cannot finish this chapter without express-
ing my profound thanks to Roger D. White, MD, for his 
thoughtful recommendations, professional guidance, 
and personal support that has been so freely offered 
throughout the writing of this edition. Working with 
such extraordinary talent is certainly a professional high-
light in my career. Every physician should have a mentor 
of this caliber. Thank you, Dr. White.

C

R
 
 

 

 
 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

efeRences

1.  2 Kings, King James Version: chapter 4.
2.  National Academy of Sciences National Research Council: JAMA

198:373, 1966.
3.  American Heart Association and the National Academy of Sci

ences National Research Council: JAMA 227(suppl):833, 1974.
4.  American Heart Association: JAMA 244(suppl):453, 1980.
5.  American Heart Association: JAMA 255(suppl):2905, 1986.
6.  American Heart Association Emergency Cardiac Care Committe

and Subcommittees: JAMA 268:2135, 1992.
7.  Emergency Cardiac Care Committee and Subcommittees: Ann

Emerg Med 22:275, 1993.
8.  American Heart Association in collaboration with Internationa

Liaison Committee on Resuscitation: Circulation 102(Suppl):I1
I370, 2000.

9.  2005 American Heart Association Guidelines for Cardiopulmo
nary Resuscitation and Emergency Cardiovascular Care, Circula
tion 112:IV1-IV203, 2005.

10.  2010 American Heart Association Guidelines for Cardiopulmo
nary Resuscitation and Emergency Cardiovascular Care, Circula
tion 122:S640, 2010.

11.  Basic Life Support for Healthcare Providers—Classroom, Dallas, TX
2010, American Heart Association.

12.  Advanced Cardiovascular Life Support Provider Manual, Dallas, TX
2010, American Heart Association.

13.  Nichol G, et al: JAMA 300:1423, 2008.
14.  Andreka P, Frenneaux MP: Curr Opin Crit Care 12:198, 2006.
15.  Berg RA, et al: Circulation 111:1136, 2005.
16.  Steen S, et al: Resuscitation 58:249, 2003.
17.  Redberg RF, et al: Circulation 88:534, 1993.
18.  Deshmukh HG, et al: Chest 95:1092, 1989.
19.  Higano ST, et al: Mayo Clin Proc 65:1432, 1990.
20.  Kühn C, et al: Resuscitation 22:275, 1991.
21.  Harada Y, et al: Chest 99:1310, 1991.
22.  Criley JM, et al: Circulation 74(6 Pt 2):IV42, 1986.
23.  Cohen JM, et al: Am J Cardiol 49:1883, 1982.
24.  Travers AH, et al: Circulation 122:S676, 2010.
25.  Bobrow BJ, et al: Circulation 118:2550, 2008.
26.  Eberle B, et al: Resuscitation 33:107, 1996.
27.  Tibballs J, Russell P: Resuscitation 80:61, 2009.
28.  Stiell IG, et al: Crit Care Med 40:1192, 2012.
29.  Steen S, et al: Resuscitation 58:249, 2003.
30.  Yu T, et al: Circulation 106:368, 2002.
31.  Cheskes S, et al: Circulation 124:58, 2011.
32.  Ogawa T, et al: BMJ 342:c7106, 2011.
33.  Bobrow BJ, et al: Ann Emerg Med 54:656, 2009.
34.  Kudenchuk PJ, et al: Circulation 125:1787, 2012.
35.  Baker PW, et al: Resuscitation 79:424, 2008.
36.  Jacobs IG, et al: Emerg Med Australas 17:39, 2005.
37.  Hayakawa M, et al: Am J Emerg Med 27:470, 2009.
38.  Christenson J, et al: Circulation 120:1241, 2009.
39.  Dumas F, et al: Resuscitation 83:1001, 2012.
40.  Deakin CD: Curr Opin Crit Care 17:231, 2011.
41.  Diack AW, et al: Med Instrum 13:78, 1979.
42.  Schneider T, et al: Circulation 102:1780, 2000.
43.  Link MS, et al: Circulation 122:S706, 2010.
44.  Bardy GH, et al: Circulation 91:1768, 1995.
45.  Bardy GH, et al: J Cardiovasc Electrophysiol 5:725, 1994.
46.  Bardy GH, et al: Circulation 94:2507, 1996.
47.  White RD, et al: Crit Care Med 32:S387, 2004.
48.  Cummins RO, et al: Circulation 97:1654, 1998.
49.  White RD, et al: Resuscitiaton 49:9, 2001.
50.  Van Alem AP, et al: Resuscitation 58:17, 2003.
51.  White RD: J Interv Card Electrophysiol 1:203, 1997.
52.  Hess EP, et al: Resuscitation 82:685, 2011.
53.  Stevenson WG, et al: Circulation 124:e411, 2011.
54.  Aronow WS: Am J Ther 17:e208, 2010.
55.  Boidin MP: Br J Anaesth 57:308, 1985.
56.  Safar P: JAMA 208:1008, 1969.
57.  Ruben H, et al: Acta Anaesthesiol Scand 5:107, 1961.
58.  Wenzel V, et al: Resuscitation 38:113, 1998.
59.  Berg MD, et al: Resuscitation 36:71, 1998.

http://expertconsult.com
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0010
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0010
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0015
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0015
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0020
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0025
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0030
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0030
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0035
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0035
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0040
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0040
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0040
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0045
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0045
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0045
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0050
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0050
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0050
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0055
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0055
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0060
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0060
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0065
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0070
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0075
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0080
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0085
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0090
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0095
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0100
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0105
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0110
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0115
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0120
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0125
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0130
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0135
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0140
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0145
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0150
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0155
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0160
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0165
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0170
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0175
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0180
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0185
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0190
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0195
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0200
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0205
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0210
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0215
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0220
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0225
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0230
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0235
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0240
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0245
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0250
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0255
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0260
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0265
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0270
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0275
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0280
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0285
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0290
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0295


Chapter 108: Cardiopulm

 60.  Kern KB: Crit Care Med 28:N186, 2000.
 61.  Neumar RW, et al: Circulation 122:S729, 2010.
 62.  Wong ML, et al: Resuscitation 81:182, 2010.
 63.  Kalenda Z: Resuscitation 6:259, 1978.
 64.  Grundler WG, et al: Clin Res 32:672A, 1984.
 65.  Trevino RP, et al: Crit Care Med 13:910, 1985.
 66.  Grundler WG, et al: Circulation 74:1071, 1986.
 67.  Sanders AB, et al: Am J Emerg Med 3:147, 1985.
 68.  Sanders AB, et al: Ann Emerg Med 14:948, 1985.
 69.  Garnett AR, et al: JAMA 257:512, 1987.
 70.  Gudipati CV, et al: Circulation 77:234, 1988.
 71.  Sanders AB, et al: JAMA 262:1347, 1989.
 72.  Callaham M, Barton C: Crit Care Med 18:358, 1990.
 73.  Heradstveit BE, et al: Resuscitation 83:813, 2012.
 74.  Asplin BR, White RD: Ann Emerg Med 25:756, 1995.
 75.  Ornato JP: Ann Emerg Med 22:289, 1993.
 76.  Schwid HA, O’Donnell DO: Anesthesiology 76:495, 1992.
 77.  Berliner D, et al: JAMA 254:84, 1985.
 78.  Brown DL, et al: Anesthesiology 68:971, 1988.
 79.  Smith I, et al: Anesth Analg 78:245, 1994.
 80.  Atlee JL 3rd, et al: J Cardiothorac Vasc Anesth 7:436, 1993.
 81.  Lim SH, et al: Ann Emerg Med 31:30, 1998.
 82.  Rankin AC, et al: Am J Med 92:655, 1992.
 83.  Camm AJ, Garratt CJ: N Engl J Med 325:1621, 1991.
 84.  DiMarco JP, et al: J Am Coll Cardiol 6:417, 1985.
 85.  DiMarco JP, et al: Circulation 68:1254, 1983.
 86.  Rankin AC, et al: Br Heart J 62:195, 1989.
 87.  Griffith MJ, et al: Lancet 1:672, 1988.
 88.  White RD: Am J Emerg Med 11:245, 1993.
 89.  Slade AK, Garratt CJ: Br Heart J 70:91, 1993.
 90.  Brodsky MA, et al: N Engl J Med 330:288, 1994.
 91.  Brodsky MA, et al: Am Heart J 130:564, 1995.
 92.  German DC, et al: Clin Pharmacol Ther 45:80, 1989.
 93.  Lerman BB, et al: Circulation 80:1536, 1989.
 94.  DeGroff CG, Silka MJ: J Pediatr 125:822, 1994.
 95.  Bennett-Guerrero E, Young CC: Anesth Analg 79:386, 1994.
 96.  Drake I, et al: Hum Exp Toxicol 13:263, 1994.
 97.  Aggarwal A, et al: Anesthesiology 79:1132, 1993.
 98.  Waxman HL, et al: Ann Intern Med 94:1, 1981.
 99.  McGovern B, et al: Ann Intern Med 104:791, 1986.
 100.  Gulamhusein S, et al: Circulation 65:348, 1982.
 101.  Stambler BS: Circulation 94:1613, 1996.
 102.  Stambler BS, et al: Am J Cardiol 80:458, 1997.
 103.  Varriale P, et al: Clin Cardiol 15:343, 1992.
 104.  Schwartz M, et al: J Emerg Med 12:353, 1994.
 105.  White RD: Ann Emerg Med 21:753, 1992.
 106.  Strickberger A, et al: Am Heart J 115:680, 1988.
 107.  Nguyen PT, et al: Circulation 74:340, 1986.
 108.  Soffer J, et al: Am J Cardiol 49:2021, 1982.
 109.  Wolfe CL, et al: Circulation 84:1543, 1991.
 110.  Jacobs IG, et al: Resuscitation 82:1138, 2011.
 111.  Olasveengen TM, et al: Resuscitation 83:327, 2012.
 112.  Hagihara A, et al: JAMA 307:1161, 2012.
 113.  Mentzelopoulos SD, et al: Resuscitation 83:32, 2012.
 114.  Kudenchuk PJ, et al: N Engl J Med 341:871, 1999.
 115.  Dorian P, et al: N Engl J Med 346:884, 2002.
 116.  Niendorff D, et al: Resuscitation 67:81, 2005.
 117.  Lin T, et al: Br J Anaesth 96:167, 2006.
 118.  Price S, et al: Curr Opin Crit Care 16:211, 2010.
 119.  Salen P, et al: Am J Emerg Med 23:459, 2005.
onary Resuscitation: Basic and Advanced Life Support 3215

 120.  O’Connor RE, et al: Circulation 122:S787, 2010.
 121.  Zia A, et al: Curr Opin Crit Care 17:241, 2011.
 122.  Dumas F, et al: Circ Cardiovasc Interv 3:200, 2010.
 123.  Nolan JP: Curr Opin Crit Care 17:520, 2011.
 124.  Abu-Laban RB, et al: N Engl J Med 346:1522, 2002.
 125.  Böttiger BW, et al: N Engl J Med 359:2651, 2008.
 126.  Nichol G, et al: JAMA 300:1423, 2008.
 127.  Szpilman D, et al: Resuscitation 83:671, 2012.
 128.  De Vos R, et al: Arch Intern Med 159:249, 1999.
 129.  Laver S, et al: Intensive Care Med 30:2126, 2004.
 130.  Carrascal Y, et al: Rev Neurol 25:1278, 1997.
 131.  Bisschops LL, et al: Crit Care Med 40:1136, 2012.
 132.  Peberdy MA, et al: Circulation 122:S768, 2010.
 133.  Hypothermia after Cardiac Arrest Study Group: N Engl J Med 

346:549, 2002.
 134.  Nielsen N, et al: Crit Care Med 39:57, 2011.
 135.  Reinikainen M, et al: Acta Anaesthesiol Scand 56:110, 2012.
 136.  Dumas F, et al: Circulation 123:877, 2011.
 137.  Kudenchuk PJ, et al: Circulation 125:1787, 2012.
 138.  Lampe JW, Becker LB: Annu Rev Med 62:79, 2011.
 139.  Benz-Woerner J, et al: Resuscitation 83:338, 2012.
 140.  Childs C: Br J Neurosurg 22:486, 2008.
 141.  Sacho RH, Childs C: Br J Neurosurg 22:497, 2008.
 142.  Morrison SF, Nakamura K: Front Biosci 16:74, 2011.
 143.  Blondin NA, Greer DM: Neurologist 17:241, 2011.
 144.  Wijdicks EF, et al: Neurology 67:203, 2006.
 145.  Schefold JC, et al: Resuscitation 80:658, 2009.
 146.  Cavus E, et al: Resuscitation 71:97, 2006.
 147.  Zwemer CF, et al: Resuscitation 27:159, 1994.
 148.  Liu Y, et al: Stroke 29:1679, 1998.
 149.  Vereczki V, et al: J Cereb Blood Flow Metab 26:821, 2006.
 150.  Bellomo R, et al: Crit Care 15:R90, 2011.
 151.  Atkins DL, et al: Circulation 119:1484, 2009.
 152.  Berg MD, et al: Circulation 122:S862, 2010.
 153.  Cavallaro DL, Melker RJ: Crit Care Med 11:189, 1983.
 154.  Inagawa G, et al: Paediatr Anaesth 213:141, 2003.
 155.  Mogayzel C, et al: Ann Emerg Med 25:484, 1995.
 156.  Andropoulos DB, et al: J Pediatr 116:312, 1990.
 157.  Garson A Jr, et al: J Pediatr 98:875, 1981.
 158.  Gikonyo BM, et al: Pediatrics 76:922, 1985.
 159.  Kleinman ME, et al: Circulation 122:S876, 2010.
 160.  Kuisma M, et al: Resuscitation 30:141, 1995.
 161.  Young KD, et al: Ann Emerg Med 33:195, 1999.
 162.  Kelly RB, et al: ASAIO J 51:665, 2005.
 163.  Ackerman MJ, et al: JAMA 286:2264, 2001.
 164.  Arnestad M, et al: Circulation 115:361, 2007.
 165.  Cronk LB, et al: Heart Rhythm 4:161, 2007.
 166.  Millat G, et al: Pediatr Cardiol 30:502, 2009.
 167.  Otagiri T, et al: Pediatr Res 64:482, 2008.
 168.  Plant LD, et al: J Clin Invest 116:430, 2006.
 169.  Tester DJ, et al: Heart Rhythm 4:733, 2007.
 170.  Albert CM, et al: Circulation 117:16, 2008.
 171.  Chugh SS, et al: J Am Coll Cardiol 43:1625, 2004.
 172.  Tester DJ, et al: Mayo Clin Proc 79:1380, 2004.
 173.  Haneya A, et al: Resuscitation 83:1331, 2012.
 174.  Avalli L, et al: Resuscitation 83:579, 2012.
 175.  Huang S, et al: Resuscitation 83:710, 2012.
 176.  Bellezzo JM, et al: Resuscitation 83:966, 2012.
 177.  Negovsky VA: Resuscitation 1:1, 1972.
 178.  Laurent I, et al: J Am Coll Cardiol 40:2110, 2002.

http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0300
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0305
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0310
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0315
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0320
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0325
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0330
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0335
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0340
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0345
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0350
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0355
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0360
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0365
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0370
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0375
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0380
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0385
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0390
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0395
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0400
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0405
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0410
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0415
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0420
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0425
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0430
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0435
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0440
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0445
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0450
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0455
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0460
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0465
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0470
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0475
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0480
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0485
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0490
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0495
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0500
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0505
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0510
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0515
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0520
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0525
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0530
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0535
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0540
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0545
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0550
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0555
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0560
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0565
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0570
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0575
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0580
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0585
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0590
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0595
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0600
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0605
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0610
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0615
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0620
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0625
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0630
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0635
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0640
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0645
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0650
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0655
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0660
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0665
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0665
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0670
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0675
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0680
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0685
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0690
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0695
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0700
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0705
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0710
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0715
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0720
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0725
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0730
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0735
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0740
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0745
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0750
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0755
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0760
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0765
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0770
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0775
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0780
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0785
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0790
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0795
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0800
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0805
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0810
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0815
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0820
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0825
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0830
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0835
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0840
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0845
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0850
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0855
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0860
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0865
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0870
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0875
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0880
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0885
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0890


     

This page intentionally left blank



RefeRences

 1.  2 Kings, King James Version: chapter 4.
 2.  National Academy of Sciences National Research Council: Cardio-

pulmonary resuscitation, JAMA 198:372-379, 1966.
 3.  American Heart Association and the National Academy of Sci-

ences National Research Council: Standards for cardiopulmonary 
resuscitation (CPR) and emergency cardiac care (ECC), JAMA 
227(7):796-797, 1974.

 4.  American Heart Association: Standards and guidelines for cardio-
pulmonary resuscitation (CPR) and emergency cardiac care (ECC), 
JAMA 244:453-509, 1980.

 5.  American Heart Association: Standards and guidelines for cardio-
pulmonary resuscitation (CPR) and emergency cardiac care (ECC), 
JAMA 255(21):2905-2984, 1986.

 6.  American Heart Association Emergency Cardiac Care Committee 
and Subcommittees: Guidelines for cardiopulmonary resuscita-
tion and emergency cardiac care, JAMA 268:2171-2183, 1992.

 7.  Emergency Cardiac Care Committee and Subcommittees: 
 American Heart Association: proceedings of the 1992 National 
Conference on Cardiopulmonary Resuscitation and Emergency 
Cardiac Care, Ann Emerg Med 22:275-511, 1993.

 8.  American Heart Association in collaboration with International 
Liaison Committee on Resuscitation: Guidelines 2000 for Cardio-
pulmonary Resuscitation and Emergency Cardiovascular Care: a 
Consensus on Science, Parts 1-12, Circulation 102:I1-I370, 2000.

 9.  2005 American Heart Association Guidelines for Cardiopulmo-
nary Resuscitation and Emergency Cardiovascular Care, Circula-
tion 112(24 Suppl):IV1-IV203, 2005.

 10.  2010 American Heart Association Guidelines for Cardiopulmo-
nary Resuscitation and Emergency Cardiovascular Care: parts 
1–16, Circulation 122(Suppl 3):S640-S933, 2010.

 11.  Basic Life Support for Healthcare Providers—Classroom, Dallas, TX, 
2010, American Heart Association.

 12.  Advanced Cardiovascular Life Support Provider Manual, Dallas, TX, 
2010, American Heart Association.

 13.  Nichol G, Thomas E, Callaway CW, et al: Regional variation in 
out-of-hospital cardiac arrest incidence and outcome, JAMA 
300:1423-1431, 2008.

 14.  Andreka P, Frenneaux MP: Haemodynamics of cardiac arrest and 
resuscitation, Curr Opin Crit Care 12:198-203, 2006.

 15.  Berg RA, Sorrell VL, Kern KB, et al: Magnetic resonance imaging 
during untreated ventricular fibrillation reveals prompt right ven-
tricular overdistention without left ventricular volume loss, Circu-
lation 111:1136-1140, 2005.

 16.  Steen S, Liao Q, Pierre L, et al: The critical importance of minimal 
delay between chest compressions and subsequent defibrillation: 
a haemodynamic explanation, Resuscitation 58:249-258, 2003.

 17.  Redberg RF, Tucker KJ, Cohen TJ, et al: Physiology of blood flow 
during cardiopulmonary resuscitation. A transesophageal echo-
cardiographic study, Circulation 88:534-542, 1993.

 18.  Deshmukh HG, Weil MH, Gudipati CV, et al: Mechanism of 
blood flow generated by precordial compression during CPR. 
I. Studies on closed chest precordial compression, Chest 95: 
1092-1099, 1989.

 19.  Higano ST, Oh JK, Ewy GA, et al: The mechanism of blood flow 
during closed chest cardiac massage in humans: transesophageal 
echocardiographic observations, Mayo Clin Proc 65:1432-1440, 
1990.

 20.  Kühn C, Juchems R, Frese W: Evidence for the ‘cardiac pump the-
ory’ in cardiopulmonary resuscitation in man by transesophageal 
echocardiography, Resuscitation 22:275-282, 1991.

 21.  Harada Y, Fuseno H, Ohtomo T, et al: Self-administered hyperven-
tilation cardiopulmonary resuscitation for 100 s of cardiac arrest 
during Holter monitoring, Chest 99:1310-1312, 1991.

 22.  Criley JM, Niemann JT, Rosborough JP, et al: Modifications of car-
diopulmonary resuscitation based on the cough, Circulation 74(6 
Pt 2):IV42-50, 1986.

 23.  Cohen JM, Chandra N, Alderson PO, et al: Timing of pulmonary 
and systemic blood flow during intermittent high intrathoracic 
pressure cardiopulmonary resuscitation in the dog, Am J Cardiol 
49:1883-1889, 1982.

 24.  Travers AH, Rea TD, Bobrow BJ, et al: Part 4: CPR Overview: 2010 
American Heart Association Guidelines for Cardiopulmonary 
Resuscitation and Emergency Cardiac Care, Circulation 122(18 
Suppl 3):S676-S684, 2010.
3216.e1

 25.  Bobrow BJ, Zuercher M, Ewy GA, et al: Gasping during cardiac 
arrest in humans is frequent and associated with improved sur-
vival, Circulation 118:2550-2554, 2008.

 26.  Eberle B, Dick WF, Schneider T, et al: Checking the carotid pulse 
check: diagnostic accuracy of first responders in patients with and 
without a pulse, Resuscitation 33:107-116, 1996.

 27.  Tibballs J, Russell P: Reliability of pulse palpation by healthcare 
personnel to diagnose pediatric cardiac arrest, Resuscitation 80: 
61-64, 2009.

 28.  Stiell IG, Brown SP, Christenson J, et al: What is the role of chest 
compression depth during out-of-hospital cardiac arrest resuscita-
tion? Crit Care Med 40:1192-1198, 2012.

 29.  Steen S, Liao Q, Pierre L, et al: The critical importance of minimal 
delay between chest compressions and subsequent defibrillation: 
a haemodynamic explanation, Resuscitation 58:249-258, 2003.

 30.  Yu T, Weil MH, Tang W, et al: Adverse outcomes of interrupted 
precordial compression during automated defibrillation, Circula-
tion 106:368-372, 2002.

 31.  Cheskes S, Schmicker RH, Christenson J, et al: Perishock pause: an 
independent predictor of survival from out-of-hospital shockable 
cardiac arrest, Circulation 124:58-66, 2011.

 32.  Ogawa T, Akahane M, Koike S, et al: Outcomes of chest compres-
sion only CPR versus conventional CPR conducted by lay people 
in patients with out of hospital cardiopulmonary arrest witness 
by bystanders: nationwide population based observational study, 
BMJ 342:c7106, 2011.

 33.  Bobrow BJ, Ewy GA, Clark L, et al: Passive oxygen insufflation 
is superior to bag-valve-mask ventilation for witnessed ventricu-
lar fibrillation out-of-hospital cardiac arrest, Ann Emerg Med 54: 
656-662, 2009.

 34.  Kudenchuk PJ, Redshaw JD, Stubbs BA, et al: Impact of changes 
in resuscitation practice on survival and neurological outcome 
after out-of-hospital cardiac arrest resulting from nonshockable 
arrhythmias, Circulation 125:1787-1794, 2012.

 35.  Baker PW, Conway J, Cotton C, et al: Defibrillation or cardiopul-
monary resuscitation first for patients with out of hospital cardiac 
arrests found by paramedics to be in ventricular fibrillation? A 
randomised control trial, Resuscitation 79:424-431, 2008.

 36.  Jacobs IG, Finn JC, Oxer HF, et al: CPR before defibrillation in out-
of-hospital cardiac arrest: a randomized trial, Emerg Med Australas 
17:39-45, 2005.

 37.  Hayakawa M, Gando S, Okamoto H, et al: Shortening of car-
diopulmonary resuscitation time before the defibrillation wors-
ens the outcome in out-of-hospital VF patients, Am J Emerg Med 
27:470-474, 2009.

 38.  Christenson J, Andrusiek D, Everson-Stewart S, et al: Chest com-
pression fraction determines survival in patients with out-of-hos-
pital ventricular fibrillation, Circulation 120:1241-1247, 2009.

 39.  Dumas F, Rea TD: Long-term prognosis following resuscitation 
from out-of-hospital cardiac arrest: role of aetiology and present-
ing arrest rhythm, Resuscitation 83:1001-1005, 2012.

 40.  Deakin CD: Advances in defibrillation, Curr Opin Crit Care 17: 
231-235, 2011.

 41.  Diack AW, Welborn WS, Rullman RG, et al: An automatic car-
diac resuscitator for emergency treatment of cardiac arrest, Med 
Instrum 13:78-83, 1979.

 42.  Schneider T, Martens PR, Paschen H, et al: Multicenter, random-
ized, controlled trial of 150-J biphasic shocks compared with 
200- to 360-J monophasic shocks in the resuscitation of out-of-
hospital cardiac arrest victims. Optimized Response to Cardiac 
Arrest (ORCA) Investigators, Circulation 102:1780-1787, 2000.

 43.  Link MS, Atkins DL, Passman RS, et al: Part 6: electrical therapies: 
automated external defibrillators, defibrillation, cardioversion, 
and pacing: 2010 American Heart Association Guidelines for Car-
diopulmonary Resuscitation and Emergency Cardiac Care, Circu-
lation 122(18 Suppl 3):S706-S719, 2010.

 44.  Bardy GH, Gliner BE, Kudenchuk PJ, et al: Truncated biphasic pulses 
for transthoracic defibrillation, Circulation 91:1768-1774, 1995.

 45.  Bardy GH, Zaghi H, Gartman D, et al: A prospective random-
ized comparison of defibrillation efficacy of truncated pulses and 
damped sine wave pulses in humans, J Cardiovasc Electrophysiol 
5:725-730, 1994.

 46.  Bardy GH, Marchlinski FE, Sharma AD, et al: Multicenter com-
parison of truncated biphasic shocks and standard damped sine 
wave monophasic shocks for transthoracic ventricular defibrilla-
tion. Transthoracic Investigators, Circulation 94:2507-2514, 1996.

http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0895
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0895
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0900
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0900
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0900
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0900
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0905
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0905
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0905
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0910
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0910
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0910
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0915
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0915
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0915
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0920
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0920
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0920
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0920
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0925
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0925
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0925
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0925
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0930
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0930
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0930
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0935
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0935
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0935
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0940
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0940
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0945
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0945
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0950
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0950
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0950
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0955
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0955
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0960
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0960
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0960
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0960
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0965
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0965
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0965
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0970
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0970
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0970
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0975
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0975
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0975
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0975
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0980
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0980
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0980
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0980
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0985
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0985
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0985
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0990
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0990
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0990
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0995
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0995
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref0995
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1000
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1000
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1000
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1000
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1005
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1005
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1005
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1005
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1010
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1010
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1010
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1015
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1015
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1015
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1020
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1020
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1020
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1025
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1025
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1025
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1030
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1030
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1030
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1035
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1035
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1035
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1040
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1040
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1040
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1045
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1045
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1045
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1045
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1045
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1050
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1050
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1050
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1050
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1055
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1055
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1055
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1055
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1060
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1060
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1060
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1060
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1065
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1065
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1065
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1070
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1070
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1070
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1070
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1075
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1075
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1075
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1080
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1080
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1080
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1085
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1085
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1090
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1090
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1090
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1095
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1095
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1095
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1095
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1095
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1100
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1100
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1100
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1100
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1100
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1105
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1105
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1110
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1110
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1110
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1110
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1115
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1115
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1115
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1115


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References3216.e2

 47.  White RD, Blackwell TH, Russell JK, et al: Body weight does not 
affect defibrillation, resuscitation, or survival in patients with out-
of-hospital cardiac arrest treated with a nonescalating biphasic 
waveform defibrillator, Crit Care Med 32:S387-S392, 2004.

 48.  Cummins RO, Hazinski MF, Kerber RE, et al: Low-energy biphasic 
waveform defibrillation: evidence-based review applied to emer-
gency cardiovascular care guidelines: a statement for healthcare 
professionals from the American Heart Association Committee on 
Emergency Cardiovascular Care and the Subcommittees on Basic 
Life Support, Advanced Cardiac Life Support, and Pediatric Resus-
citation, Circulation 97:1654-1667, 1998.

 49.  White RD, Hankins DG, Atkinson EJ: Patient outcomes following 
defibrillation with a low energy biphasic truncated exponential 
waveform in out-of-hospital cardiac arrest, Resuscitation 49:9-14, 
2001.

 50.  Van Alem AP, Chapman FW, Lank P, et al: A prospective, ran-
domised and blinded comparison of first shock success of mono-
phasic and biphasic waveforms in out-of-hospital cardiac arrest, 
Resuscitation 58:17-24, 2003.

 51.  White RD: Early out-of-hospital experience with an impedance-
compensating low-energy biphasic waveform automatic external 
defibrillator, J Interv Card Electrophysiol 1:203-208, 1997.

 52.  Hess EP, Agarwal D, Myers LA, et al: Performance of a rectilinear 
biphasic waveform in defibrillation of presenting and recurrent 
ventricular fibrillation: a prospective multicenter study, Resuscita-
tion 82:685-689, 2011.

 53.  Stevenson WG, John RM: Ventricular arrhythmias in patients 
with implanted defibrillators, Circulation 124:e411-e414, 2011.

 54.  Aronow WS: Implantable cardioverter-defibrillators, Am J Ther 
17:e208-e220, 2010.

 55.  Boidin MP: Airway patency in the unconscious patient, Br J 
Anaesth 57:306-310, 1985.

 56.  Safar P: Recognition and management of airway obstruction, 
JAMA 208:1008-1011, 1969.

 57.  Ruben H, Knudsen EJ, Carugati G: Gastric inflation in relation to 
airway pressure, Acta Anaesthesiol Scand 5:107-114, 1961.

 58.  Wenzel V, Idris AH, Banner MJ, et al: Respiratory system compli-
ance decreases after cardiopulmonary resuscitation and stomach 
inflation: impact of large and small tidal volumes on calculated 
peak airway pressure, Resuscitation 38:113-118, 1998.

 59.  Berg MD, Idris AH, Berg RA: Severe ventilator compromise due 
to gastric distension during pediatric cardiopulmonary resuscita-
tion, Resuscitation 36:71-73, 1998.

 60.  Kern KB: Cardiopulmonary resuscitation without ventilation, Crit 
Care Med 28:N186-N189, 2000.

 61.  Neumar RW, Otto CW, Link MS, et al: Part 8: adult advanced car-
diovascular life support: 2010 American Heart Association Guide-
lines for Cardiopulmonary Resuscitation and Emergency Cardiac 
Care, Circulation 122(18 Suppl 3):S729-S767, 2010.

 62.  Wong ML, Carey S, Mader TJ, et al: Time to invasive airway place-
ment and resuscitation outcomes after inhospital cardiopulmo-
nary arrest, Resuscitation 81:182-186, 2010.

 63.  Kalenda Z: The capnogram as a guide to the efficacy of cardiac 
massage, Resuscitation 6:259-263, 1978.

 64.  Grundler WG, Weil MH, Bisera J, et al: Observations on end-tidal 
carbon dioxide during experimental cardiopulmonary arrest, Clin 
Res 32:672A, 1984.

 65.  Trevino RP, Bisera J, Weil MH, et al: End-tidal CO2 as a guide to 
successful cardiopulmonary resuscitation: a preliminary report, 
Crit Care Med 13:910-911, 1985.

 66.  Grundler WG, Weil MH, Rackow EC: Arteriovenous carbon 
dioxide and pH gradients during cardiac arrest, Circulation 74: 
1071-1074, 1986.

 67.  Sanders AB, Atlas M, Ewy GA, et al: Expired PCO2 as an index of 
coronary perfusion pressure, Am J Emerg Med 3:147-149, 1985.

 68.  Sanders AB, Ewy GA, Bragg S, et al: Expired PCO2 as a prognostic 
indicator of successful resuscitation from cardiac arrest, Ann Emerg 
Med 14:948-952, 1985.

 69.  Garnett AR, Ornato JP, Gonzalez ER, et al: End-tidal carbon diox-
ide monitoring during cardiopulmonary resuscitation, JAMA 
257:512-515, 1987.

 70.  Gudipati CV, Weil MH, Bisera J, et al: Expired carbon dioxide: a 
noninvasive monitor of cardiopulmonary resuscitation, Circula-
tion 77:234-239, 1988.
71.  Sanders AB, Kern KB, Otto CW, et al: End-tidal carbon dioxide 
monitoring during cardiopulmonary resuscitation: a prognostic 
indicator for survival, JAMA 262:1347-1351, 1989.

72.  Callaham M, Barton C: Prediction of outcome of cardiopulmo-
nary resuscitation from end-tidal carbon dioxide concentration, 
Crit Care Med 18:358-362, 1990.

73.  Heradstveit BE, Sunde K, Sunde GA, et al: Factors complicating 
interpretation of capnography during advanced life support in 
cardiac arrest–a clinical retrospective study in 575 patients, Resus-
citation 83:813-818, 2012.

74.  Asplin BR, White RD: Prognostic value of end-tidal carbon diox-
ide pressures during out-of-hospital cardiac arrest, Ann Emerg Med 
25:756-761, 1995.

75.  Ornato JP: Hemodynamic monitoring during CPR, Ann Emerg Med 
22:289-295, 1993.

76.  Schwid HA, O’Donnell DO: Anesthesiologists’ management of 
simulated critical incidents, Anesthesiology 76:495-501, 1992.

77.  Berliner D, Okun M, Peters RW, et al: Transcutaneous temporary 
pacing in the operating room, JAMA 254:84-86, 1985.

78.  Brown DL, Carpenter RL, Moore DC, et al: Cardiac arrest during 
spinal anesthesia. III, Anesthesiology 68:970-974, 1988.

79.  Smith I, Monk TG, White PF: Comparison of transesophageal 
atrial pacing with anticholinergic drugs for the treatment of intra-
operative bradycardia, Anesth Analg 78:245-252, 1994.

80.  Atlee JL 3rd, Pattison CZ, Mathews EL, et al: Transesophageal 
atrial pacing for intraoperative sinus bradycardia or AV junctional 
rhythm: feasibility as prophylaxis in 200 anesthetized adults and 
hemodynamic effects of treatment, J Cardiothorac Vasc Anesth 
7:436-441, 1993.

81.  Lim SH, Anantharaman V, Teo WS, et al: Comparison of treat-
ment of supraventricular tachycardia by Valsalva maneuver and 
carotid sinus massage, Ann Emerg Med 31:30-35, 1998.

82.  Rankin AC, Brooks R, Ruskin JN, et al: Adenosine and the treat-
ment of supraventricular tachycardia, Am J Med 92:655-664, 1992.

83.  Camm AJ, Garratt CJ: Adenosine and supraventricular tachycar-
dia, N Engl J Med 325:1621-1629, 1991.

84.  DiMarco JP, Sellers TD, Lerman BB, et al: Diagnostic and thera-
peutic use of adenosine in patients with supraventricular tachyar-
rhythmias, J Am Coll Cardiol 6:417-425, 1985.

85.  DiMarco JP, Sellers TD, Berne RM, et al: Adenosine: electrophysi-
ologic effects and therapeutic use for terminating paroxysmal 
supraventricular tachycardia, Circulation 68:1254-1263, 1983.

86.  Rankin AC, Oldroyd KG, Chong E, et al: Value and limitations of 
adenosine in the diagnosis and treatment of narrow and broad 
complex tachycardias, Br Heart J 62:195-203, 1989.

87.  Griffith MJ, Linker NJ, Ward DE, et al: Adenosine in the diagnosis 
of broad complex tachycardia, Lancet 1:672-675, 1988.

88.  White RD: Acceleration of the ventricular response in paroxysmal 
lone atrial fibrillation following the injection of adenosine, Am J 
Emerg Med 11:245-246, 1993.

89.  Slade AK, Garratt CJ: Proarrhythmic effect of adenosine in a 
patient with atrial flutter, Br Heart J 70:91-92, 1993.

90.  Brodsky MA, Allen BJ, Grimes JA, et al: Enhanced atrioventricu-
lar conduction during atrial flutter after intravenous adenosine,  
N Engl J Med 330:288-289, 1994.

91.  Brodsky MA, Hwang C, Hunter D, et al: Life-threatening altera-
tions in heart rate after the use of adenosine in atrial flutter, Am 
Heart J 130:564-571, 1995.

92.  German DC, Kredich NM, Bjornsson TD: Oral dipyridamole 
increases plasma adenosine levels in human beings, Clin Pharma-
col Ther 45:80-84, 1989.

93.  Lerman BB, Wesley RC, Belardinelli L: Electrophysiologic effects 
of dipyridamole on atrioventricular nodal conduction and supra-
ventricular tachycardia. Role of endogenous adenosine, Circula-
tion 80:1536-1543, 1989.

94.  DeGroff CG, Silka MJ: Bronchospasm after intravenous admin-
istration of adenosine in a patient with asthma, J Pediatr 125: 
822-823, 1994.

95.  Bennett-Guerrero E, Young CC: Bronchospasm after intravenous 
adenosine administration, Anesth Analg 79:386-388, 1994.

96.  Drake I, Routledge PA, Richards R: Bronchospasm induced by 
intravenous adenosine, Hum Exp Toxicol 13:263-265, 1994.

97.  Aggarwal A, Farber NE, Warltier DC: Intraoperative broncho-
spasm caused by adenosine, Anesthesiology 79:1132-1135, 1993.

http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1120
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1120
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1120
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1120
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1125
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1125
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1125
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1125
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1125
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1125
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1125
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1130
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1130
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1130
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1130
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1135
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1135
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1135
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1135
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1140
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1140
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1140
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1145
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1145
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1145
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1145
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1150
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1150
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1155
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1155
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1160
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1160
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1165
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1165
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1170
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1170
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1175
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1175
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1175
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1175
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1180
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1180
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1180
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1185
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1185
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1190
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1190
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1190
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1190
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1195
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1195
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1195
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1200
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1200
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1205
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1205
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1205
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1210
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1210
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1210
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1215
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1215
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1215
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1220
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1220
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1225
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1225
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1225
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1230
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1230
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1230
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1235
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1235
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1235
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1240
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1240
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1240
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1245
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1245
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1245
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1250
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1250
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1250
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1250
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1255
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1255
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1255
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1260
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1260
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1265
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1265
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1270
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1270
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1275
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1275
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1280
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1280
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1280
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1285
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1285
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1285
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1285
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1285
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1290
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1290
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1290
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1295
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1295
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1300
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1300
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1305
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1305
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1305
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1310
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1310
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1310
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1315
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1315
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1315
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1320
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1320
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1325
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1325
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1325
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1330
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1330
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1335
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1335
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1335
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1340
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1340
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1340
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1345
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1345
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1345
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1350
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1350
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1350
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1350
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1355
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1355
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1355
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1360
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1360
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1365
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1365
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1370
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1370


2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

 98.  Waxman HL, Myerburg RJ, Appel R, et al: Verapamil for control of 
ventricular rate in paroxysmal supraventricular tachycardia and 
atrial fibrillation or flutter: a double-blind randomized cross-over 
study, Ann Intern Med 94:1-6, 1981.

 99.  McGovern B, Garan H, Ruskin JN: Precipitation of cardiac arrest 
by verapamil in patients with Wolff-Parkinson-White syndrome, 
Ann Intern Med 104:791-794, 1986.

 100.  Gulamhusein S, Ko P, Carruthers SG, et al: Acceleration of the ven-
tricular response during atrial fibrillation in the Wolff- Parkinson-
White syndrome after verapamil, Circulation 65:348-354,  
1982.

 101.  Stambler BS, Wood MA, Ellenbogen KA, et al: Efficacy and safety 
of repeated intravenous doses of ibutilide for rapid conversion of 
atrial flutter or fibrillation. Ibutilide Repeat Dose Study Investiga-
tors, Circulation 94:1613-1621, 1996.

 102.  Stambler BS, Beckman KJ, Kadish AH, et al: Acute hemodynamic 
effects of intravenous ibutilide in patients with or without 
reduced left ventricular function, Am J Cardiol 80:458-463, 1997.

 103.  Varriale P, David W, Chryssos BF: Multifocal atrial arrhythmia–a 
frequent misdiagnosis? A correlative study using the computer-
ized ECG, Clin Cardiol 15:343-346, 1992.

 104.  Schwartz M, Rodman D, Lowenstein SR: Recognition and treat-
ment of multifocal atrial tachycardia: a critical review, J Emerg 
Med 12:353-360, 1994.

 105.  White RD: Prehospital recognition of multifocal atrial tachycar-
dia: association with acute myocardial infarction, Ann Emerg Med 
21:753-756, 1992.

 106.  Strickberger A, Miller CB, Levine JH: Multifocal atrial tachycardia 
from electrolyte imbalance, Am Heart J 115:680-682, 1988.

 107.  Nguyen PT, Scheinman MM, Seger J: Polymorphous ventricular 
tachycardia: clinical characterization, therapy, and the QT inter-
val, Circulation 74:340-349, 1986.

 108.  Soffer J, Dreifus LS, Michelson EL: Polymorphous ventricular 
tachycardia associated with normal and long QT intervals, Am J 
Cardiol 49:2021-2029, 1982.

 109.  Wolfe CL, Nibley C, Bhandari A, et al: Polymorphous ventricular 
tachycardia associated with acute myocardial infarction, Circula-
tion 84:1543-1551, 1991.

 110.  Jacobs IG, Finn JC, Jelinek GA, et al: Effect of adrenaline on sur-
vival in out-of-hospital cardiac arrest: a randomized double-blind 
placebo-controlled trial, Resuscitation 82:1138-1143, 2011.

 111.  Olasveengen TM, Wik L, Sunde K, et al: Outcome when adrena-
line (epinephrine) was actually given vs. not given-post hoc anal-
ysis of a randomized clinical trial, Resuscitation 83:327-332, 2012.

 112.  Hagihara A, Hasegawa M, Abe T, et al: Prehospital epinephrine use 
and survival among patients with out-of-hospital cardiac arrest, 
JAMA 307:1161-1168, 2012.

 113.  Mentzelopoulos SD, Zakynthinos GS, Siempos I, et al: Vasopressin 
for cardiac arrest: meta-analysis of randomized controlled trials, 
Resuscitation 83:32-39, 2012.

 114.  Kudenchuk PJ, Cobb LA, Copass MK, et al: Amiodarone for resus-
citation after out-of-hospital cardiac arrest due to ventricular 
fibrillation, N Engl J Med 341:871-878, 1999.

 115.  Dorian P, Cass D, Schwartz B, et al: Amiodarone as compared with 
lidocaine for shock-resistant ventricular fibrillation, N Engl J Med 
346:884-890, 2002.

 116.  Niendorff D, Rassias AJ, Palac R, et al: Rapid cardiac ultrasound of 
inpatients suffering PEA arrest performed by nonexpert sonogra-
phers, Resuscitation 67:81-87, 2005.

 117.  Lin T, Chen Y, Wang M: Use of transesophageal echocardiogra-
phy during cardiac arrest in patients undergoing elective non-
cardiac surgery, Br J Anaesth 96:167-170, 2006.

 118.  Price S, Uddin S, Quinn T: Echocardiography in cardiac arrest, 
Curr Opin Crit Care 16:211-215, 2010.

 119.  Salen P, Melniker L, Chooljian C, et al: Does the presence or 
absence of sonographically identified cardiac activity predict 
resuscitation outcomes of cardiac arrest patients? Am J Emerg Med 
23:459-462, 2005.

 120.  O’Connor RE, Brady W, Brooks SC, et al: Part 10: acute coronary 
syndromes: 2010 American Heart Association Guidelines for Car-
diopulmonary Resuscitation and Emergency Cardiovascular Care, 
Circulation 122(18 Suppl 3):S787-S817, 2010.

 121.  Zia A, Kern KB: Management of postcardiac arrest myocardial dys-
function, Curr Opin Crit Care 17:241-246, 2011.

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1

 1
References 3216.e3

2.  Dumas F, Cariou A, Manzo-Silberman S, et al: Immediate percu-
taneous coronary intervention is associated with better survival 
after out-of-hospital cardiac arrest: insights from the PROCAT 
(Parisian Region Out of hospital Cardiac Arrest) registry, Circ Car-
diovasc Interv 3:200-207, 2010.

3.  Nolan JP: Optimizing outcome after cardiac arrest, Curr Opin Crit 
Care 17:520-526, 2011.

4.  Abu-Laban RB, Christenson JM, Innes GD, et al: Tissue plasmino-
gen activator in cardiac arrest with pulseless electrical activity,  
N Engl J Med 346:1522-1528, 2002.

5.  Böttiger BW, Arntz HR, Chamberlain DA, et al: Thrombolysis dur-
ing resuscitation for out-of-hospital cardiac arrest, N Engl J Med 
359:2651-2662, 2008.

6.  Nichol G, Thomas E, Callaway CW, et al: Regional variation in 
out-of-hospital cardiac arrest incidence and outcome, JAMA 
300:1423-1431, 2008.

7.  Szpilman D, Magalhaes M, Costa de Silva RT: therapeutic hypo-
thermia after return of spontaneous circulation: should be offered 
to all? Resuscitation 83:671-673, 2012.

8.  De Vos R, de Haes HC, Koster RW, et al: Quality of survival after 
cardiopulmonary resuscitation, Arch Intern Med 159:249-254, 
1999.

9.  Laver S, Farrow C, Turner D, et al: Mode of death after admission 
to an intensive care unit following cardiac arrest, Intensive Care 
Med 30:2126-2128, 2004.

0.  Carrascal Y, Guerro-Peral AL, Maroto LC, et al: The etiology of 
neurological complications after cardiopulmonary bypass sur-
gery. [Article in Spanish], Rev Neurol 25:1278-1284, 1997.

1.  Bisschops LL, Hoedemaekers CW, Mollnes TE, et al: Rewarming 
after hypothermia after cardiac arrest shifts the inflammatory bal-
ance, Crit Care Med 40:1136-1142, 2012.

2.  Peberdy MA, Callaway CW, Neumar RW, et al: Part 9: post-cardiac 
arrest care: 2010 American Heart Association Guidelines for Car-
diopulmonary Resuscitation and Emergency Cardiac Care, Circu-
lation 122(18 Suppl 3):S768-S786, 2010.

3.  Hypothermia after Cardiac Arrest Study Group: Mild hypother-
mia to improve the neurologic outcome after cardiac arrest,  
N Engl J Med 346:549-556, 2002.

4.  Nielsen N, Sunde K, Hovdenes J, et al: Adverse events and their 
relation to mortality in out-of-hospital cardiac arrest patients 
treated with therapeutic hypothermia, Crit Care Med 39:57-64, 
2011.

5.  Reinikainen M, Oksanen T, Leppänen P, et al: Mortality in out-of-
hospital cardiac arrest patients has decreased in the era of thera-
peutic hypothermia, Acta Anaesthesiol Scand 56:110-115, 2012.

6.  Dumas F, Grimaldi D, Zuber B, et al: Is hypothermia after cardiac 
arrest effective in both shockable and nonshockable patients? Cir-
culation 123:877-886, 2011.

7.  Kudenchuk PJ, Redshaw JD, Stubbs BA, et al: Impact of changes 
in resuscitation practice on survival and neurological outcome 
after out-of-hospital cardiac arrest resulting from nonshockable 
arrhythmias, Circulation 125:1787-1794, 2012.

8.  Lampe JW, Becker LB: State of the art in therapeutic hypothermia, 
Annu Rev Med 62:79-93, 2011.

9.  Benz-Woerner J, Delodder F, Benz R, et al: Body temperature regu-
lation and outcome after cardiac arrest and therapeutic hypother-
mia, Resuscitation 83:338-342, 2012.

0.  Childs C: Human brain temperature regulation, measurement 
and relationship with cerebral trauma: part 1, Br J Neurosurg 
22:486-496, 2008.

1.  Sacho RH, Childs C: The significance of altered temperature after 
traumatic brain injury: an analysis of investigations in experi-
mental and human studies: part 2, Br J Neurosurg 22:497-507, 
2008.

2.  Morrison SF, Nakamura K: Central neural pathways for thermo-
regulation, Front Biosci (Landmark Ed) 16:74-104, 2011.

3.  Blondin NA, Greer DM: Neurologic prognosis in cardiac arrest 
patients treated with therapeutic hypothermia, Neurologist 
17:241-248, 2011.

4.  Wijdicks EF, Hijdra A, Young GB, et al: Practice parameter: pre-
diction of outcome in comatose survivors after cardiopulmonary 
resuscitation (an evidence-based review): report of the Quality 
Standards Subcommittee of the American Academy of Neurology, 
Neurology 67:203-210, 2006.

http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1375
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1375
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1375
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1375
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1380
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1380
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1380
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1385
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1385
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1385
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1385
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1390
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1390
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1390
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1390
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1395
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1395
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1395
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1400
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1400
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1400
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1405
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1405
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1405
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1410
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1410
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1410
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1415
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1415
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1420
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1420
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1420
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1425
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1425
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1425
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1430
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1430
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1430
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1435
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1435
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1435
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1440
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1440
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1440
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1445
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1445
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1445
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1450
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1450
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1450
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1455
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1455
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1455
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1460
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1460
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1460
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1465
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1465
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1465
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1470
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1470
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1470
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1475
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1475
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1480
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1480
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1480
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1480
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1485
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1485
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1485
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1485
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1490
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1490
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1495
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1495
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1495
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1495
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1495
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1500
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1500
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1505
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1505
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1505
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1510
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1510
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1510
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1515
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1515
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1515
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1520
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1520
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1520
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1525
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1525
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1525
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1530
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1530
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1530
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1535
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1535
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1535
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1540
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1540
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1540
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1545
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1545
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1545
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1545
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1550
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1550
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1550
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1555
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1555
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1555
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1555
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1560
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1560
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1560
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1565
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1565
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1565
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1570
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1570
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1570
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1570
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1575
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1575
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1580
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1580
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1580
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1585
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1585
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1585
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1590
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1590
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1590
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1590
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1595
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1595
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1600
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1600
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1600
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1605
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1605
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1605
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1605
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1605


.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

References3216.e4

 145.  Schefold JC, Storm C, Krüger A, et al: The Glasgow coma score is a 
predictor of good outcome in cardiac arrest patients treated with 
therapeutic hypothermia, Resuscitation 80:658-661, 2009.

 146.  Cavus E, Bein B, Dörges V, et al: Brain tissue oxygen pressure and 
cerebral metabolism in an animal model of cardiac arrest and car-
diopulmonary resuscitation, Resuscitation 71:97-106, 2006.

 147.  Zwemer CF, Whitesall SE, D’Alecy LG: Cardiopulmonary-cerebral 
resuscitation with 100% oxygen exacerbates neurological dys-
function following nine minutes of normothermic cardiac arrest 
in dogs, Resuscitation 27:159-170, 1994.

 148.  Liu Y, Rosenthal RE, Haywood Y, et al: Normoxic ventilation after 
cardiac arrest reduces oxidation of brain lipids and improves neu-
rological outcome, Stroke 29:1679-1686, 1998.

 149.  Vereczki V, Martin E, Rosenthal RE, et al: Normoxic resuscitation 
after cardiac arrest protects against hippocampal oxidative stress, 
metabolic dysfunction, and neuronal death, J Cereb Blood Flow 
Metab 26:821-835, 2006.

 150.  Bellomo R, Bailey M, Eastwood GM, et al: Arterial hyerpoxia and 
in-hospital mortality after resuscitation from cardiac arrest, Crit 
Care 15:R90, 2011.

 151.  Atkins DL, Everson-Stewart S, Sears GK, et al: Epidemiology 
and outcomes from out-of-hospital cardiac arrest in children: 
the Resuscitation Outcomes Consortium Epistry-Cardiac Arrest, 
 Circulation 119:1484-1491, 2009.

 152.  Berg MD, Schexnayder SM, Chameides L, et al: Part 13: pediatric 
basic life support: 2010 American Heart Association Guidelines 
for Cardiopulmonary Resuscitation and Emergency Cardiovascu-
lar Care, Circulation 122(18 Suppl 3):S862-S875, 2010.

 153.  Cavallaro DL, Melker RJ: Comparison of two techniques for 
detecting cardiac activity in infants, Crit Care Med 11:189-190, 
1983.

 154.  Inagawa G, Morimura N, Miwa T, et al: A comparison of five tech-
niques for detecting cardiac activity in infants, Paediatr Anaesth 
213:141-146, 2003.

 155.  Mogayzel C, Quan L, Graves JR, et al: Out-of-hospital ventricular 
fibrillation in children and adolescents: causes and outcomes, Ann 
Emerg Med 25:484-491, 1995.

 156.  Andropoulos DB, Soifer SJ, Schreiber MD: Plasma epinephrine 
concentrations after intraosseous and central venous injection 
during cardiopulmonary resuscitation in the lamb, J Pediatr 
116:312-315, 1990.

 157.  Garson Jr A, Gillette PC, McNamara DG: Supraventricular tachy-
cardia in children: clinical features, response to treatment, and 
long-term follow-up in 217 patients, J Pediatr 98:875-882, 1981.

 158.  Gikonyo BM, Dunningan A, Benson Jr DW: Cardiovascular col-
lapse in infants: association with paroxysmal atrial tachycardia, 
Pediatrics 76:922-926, 1985.

 159.  Kleinman ME, Chameides L, Schexnayder SM, et al: Part 14: pedi-
atric advanced life support: 2010 American Heart Association 
Guidelines for Cardiopulmonary Resuscitation and Emergency 
Cardiovascular Care, Circulation 122(18 suppl 3):S876-S908, 2010.

 160.  Kuisma M, Suominen P, Korpela R: Paediatric out-of-hospital 
 cardiac arrests–epidemiology and outcome, Resuscitation 30: 
141-150, 1995.

 161.  Young KD, Seidel JS: Pediatric cardiopulmonary resuscitation: a 
collective review, Ann Emerg Med 33:195-205, 1999.

 162

 163

 164

 165

 166

 167

 168

 169

 170

 171

 172

 173

 174

 175

 176

 177

 178
  Kelly RB, Porter PA, Meier AH: Duration of cardiopulmonary 
resuscitation before extracorporeal rescue: how long is not long 
enough? ASAIO J 51:665-667, 2005.

  Ackerman MJ, Siu BL, Sturner WQ, et al: Postmortem molecu-
lar analysis of SCN5A defects in sudden infant death syndrome, 
JAMA 286:2264-2269, 2001.

  Arnestad M, Crotti L, Rognum TO, et al: Prevalence of long-QT 
syndrome gene variants in sudden infant death syndrome, Circu-
lation 115:361-367, 2007.

  Cronk LB, Ye B, Kaku T, et al: Novel mechanism for sudden infant 
death syndrome: persistent late sodium current secondary to 
mutations in caveolin-3, Heart Rhythm 4:161-166, 2007.

  Millat G, Kugener B, Chevalier P, et al: Contribution of long-QT 
syndrome genetic variants in sudden infant death syndrome, 
Pediatr Cardiol 30:502-509, 2009.

  Otagiri T, Kijima K, Osawa M, et al: Cardiac ion channel gene 
mutations in sudden infant death syndrome, Pediatr Res 64: 
482-487, 2008.

  Plant LD, Bowers PN, Liu Q, et al: A common cardiac sodium 
channel variant associated with sudden infant death in African 
Americans, SCN5A S1103Y, J Clin Invest 116:430-435, 2006.

  Tester DJ, Dura M, Carturan E, et al: A mechanism for sudden 
infant death syndrome (SIDS): stress-induced leak via ryanodine 
receptors, Heart Rhythm 4:733-739, 2007.

  Albert CM, Nam EG, Rimm EB, et al: Cardiac sodium channel 
gene variants and sudden cardiac death in women, Circulation 
117:16-23, 2008.

  Chugh SS, Senashova O, Watts A, et al: Postmortem molecu-
lar screening in unexplained sudden death, J Am Coll Cardiol 
43:1625-1629, 2004.

  Tester DJ, Spoon DB, Valdivia HH, et al: Targeted mutational anal-
ysis of the RyR2-encoded cardiac ryanodine receptor in sudden 
unexplained death: a molecular autopsy of 49 medical examiner/
coroner’s cases, Mayo Clin Proc 79:1380-1384, 2004.

  Haneya A, Philipp A, Diez C, et al: A 5-year experience with car-
diopulmonary resuscitation using extracorporeal life support in 
non-postcardiotomy patients with cardiac arrest, Resuscitation 
83:1331-1337, 2012.

  Avalli L, Maggioni E, Formica F, et al: Favourable survival of in-
hospital compared to out-of-hospital refractory cardiac arrest 
patients treated with extracorporeal membrane oxygenation: an 
Italian tertiary care centre experience, Resuscitation 83:579-583, 
2012.

  Huang S, Wu E, Want C, et al: Eleven years of experience with 
extracorporeal cardiopulmonary resuscitation for paediatric 
patients with in-hospital cardiac arrest, Resuscitation 83:710-714, 
2012.

  Bellezzo JM, Shinar Z, Davis DP, et al: Emergency physician- 
initiated extracorporeal cardiopulmonary resuscitation, Resuscita-
tion 83:966-970, 2012.

  Negovsky VA: The second step in resuscitation–the treatment of 
the ‘post-resuscitation disease,’ Resuscitation 1:1-7, 1972.

  Laurent I, Monchi M, Chiche JD, et al: Reversible myocardial dys-
function in survivors of out-of-hospital cardiac arrest, J Am Coll 
Cardiol 40:2110-2116, 2002.

http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1610
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1610
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1610
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1615
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1615
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1615
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1620
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1620
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1620
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1620
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1625
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1625
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1625
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1630
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1630
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1630
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1630
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1635
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1635
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1635
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1640
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1640
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1640
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1640
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1645
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1645
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1645
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1645
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1650
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1650
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1650
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1655
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1655
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1655
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1660
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1660
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1660
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1665
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1665
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1665
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1665
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1670
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1670
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1670
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1675
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1675
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1675
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1680
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1680
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1680
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1680
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1685
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1685
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1685
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1690
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1690
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1695
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1695
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1695
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1700
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1700
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1700
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1705
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1705
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1705
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1710
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1710
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1710
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1715
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1715
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1715
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1720
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1720
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1720
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1725
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1725
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1725
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1730
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1730
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1730
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1735
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1735
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1735
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1740
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1740
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1740
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1745
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1745
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1745
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1745
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1750
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1750
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1750
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1750
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1755
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1755
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1755
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1755
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1755
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1760
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1760
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1760
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1760
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1765
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1765
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1765
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1770
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1770
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1775
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1775
http://refhub.elsevier.com/B978-0-7020-5283-5.00108-9/ref1775


32
18

C h a p t e r  1 0 9

Electrical Safety in the Operating Room
LAWRENCE LITT

K e y  P o i n t s

F i r e  s a F e t y  i s s u e s

 •  When setting up the anesthesia machine and drug cart before a surgical 
procedure, the anesthesiologist must know about the operation and the location 
of the emergency equipment. Questions to ask include the following:

 •  Where is the nearest fire extinguisher? There should be one in every operating 
room.

 •  Where are the oxygen shut-off valves, and how do I operate them to stop oxygen 
flow to the operating room?

 •  Where is the nearest fire alarm should it be impractical to call the hospital’s 
equivalent of 9-1-1? Fire alarms are often recessed in the wall near fire hoses.

 •  Where is the nearest escape passage?
 •  Where is the nearest defibrillator and code cart?
 •  Electrical fires, particularly those that involve the electric panel, require a special 

approach. If possible, all electric power that feeds an electrical fire must be quickly 
cut, which then converts it into an ordinary fire. In fighting a fire, the proper type 
of fire extinguisher must be used. The most common type of fire extinguisher 
sprays water. However, water must never be thrown or sprayed on an electrical 
fire or onto burning flammable liquids. Electrical fires require a dry chemical 
extinguisher, but carbon dioxide (CO2) extinguishers, which are optimal for 
controlling burning oils and liquids, may also be used.

 •  The use of high blow-by oxygen flow from an open facemask must be avoided if, 
after blowing by the patient, the flow ends up providing oxygen enrichment at a 
site of electrosurgery.

M a c r o s h o c K  e l e c t r i c a l  i s s u e s

 •  All electrical equipment used in the operating room should be grounded, although 
internally such equipment can contain ungrounded circuits. If the power cord for 
a piece of equipment has a plug with only two prongs (i.e., no grounding prong 
to go into the third hole in the outlet), then the equipment should not be in the 
operating room. When connecting or disconnecting plugs from outlets, the plug 
should not be yanked by the cord. Similarly, equipment whose power plugs have 
been damaged should not be used, and heavy equipment should not be allowed 
to crush power cords by rolling over them.

 •  Patients should not be directly connected to the operating room’s electrical 
ground.

 •  When electrosurgery is in use, a grounding pad should be used that connects the 
patient to the ground connection provided on the electrosurgical machine. The 
grounding pad should be well gelled and placed in contact with the patient across 
a large area. The grounding pad should be inspected during lengthy procedures 
and gelled again or replaced, if necessary. The electrosurgical grounding pad 
should be placed as near to the operative site as reasonably possible and as far as 
possible from any pacemaker wires and electrocardiographic (ECG) wires. When 
grounding pads are removed, the underlying skin should be inspected for burns.
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K e y  P o i n t s — c o n t ’ d

 •  If increasing current levels are required for electrosurgery, a search for a faulty 
connection of the electrosurgical grounding pad should be conducted. In the 
event of very wet operations, with or without increasing current levels for electrical 
surgery, the physician should beware of errant current paths that include the 
grounding pad and other electrical contacts (e.g., ECG electrodes). For example, 
saline and body fluids in an abdominal procedure can extend under the drapes 
beyond the operative site and potentially form an electrical connection to a 
grounding pad or ECG electrodes.

 •  If the line isolation monitor (LIM) sounds an alarm after someone activates a piece 
of equipment, then the offending equipment should be immediately unplugged. 
Plugging in that equipment has allowed the secondary side of the main isolation 
transformer to be coupled to the ground. It is also possible that too many 
items were simultaneously plugged, resulting in the secondary side of the main 
transformer to be coupled to the ground by their combined capacitance. Various 
combinations of unplugging one piece of equipment and plugging in another can 
be evaluated. However, if one piece of equipment is found to cause the LIM to 
sound an alarm under several combinations, then that piece of equipment should 
be removed from the operating room and examined for an unwanted connection 
to the ground contact.

 •  Experienced personnel, usually a clinical bioengineering group associated with the 
operating rooms, should periodically test all electrical equipment. Anesthesiologists 
should verify that the equipment has been properly maintained, that standards of 
performance have been met, and that the entire electrical environment also meets 
the National Fire Protection Association standards (NFPA) requirements.1,2-7

M i c r o s h o c K  e l e c t r i c a l  i s s u e s  W i t h  P a c e M a K e r s

 •  Patients with an automated implanted cardioverter-defibrillator (AICD) need to 
have the AICD turned off before surgery starts after first having established Zoll 
pad connections. Turning off the AICD feature is commonly done by magnet 
placement but can also be accomplished with reprogramming. It should be 
understood that magnets do not change the pacing program that is in an 
AICD. Thus preoperative cardiac electrophysiologic consultation is essential for 
establishing appropriate pacing.

 •  If possible, bipolar electrocautery units should be used instead of unipolar 
electrocautery.

 •  All programmable pacemakers should be preoperatively interrogated to ensure 
proper function.

 •  Patients who are dependent on a pacemaker need to have asynchronous pacing 
programmed, along with all rate-sensing features disabled. A conventional 
defibrillator should be available.

 •  Other pacemaker patients should have a pacing strategy established by 
preoperative cardiac electrophysiology consultation.

 •  A plan for pharmacologic treatment of complete heart block should be in place, 
particularly for patients who are dependent on a pacemaker, and isoproterenol 
should be readily available on the anesthesia drug cart.

 •  If electrophysiologic monitoring is being performed, then the anesthesiologist 
should review the locations of grounding pads that will be placed by the 
electrophysiologist.

M a g n e t i c  r e s o n a n c e  i M a g i n g  i s s u e s

 •  When using a pulse oximeter to monitor the oxygen saturation of patients in an 
magnetic resonance imaging (MRI) scanner, the connection between the oximeter 
console and the patient must take place through a long fiberoptic cable that has 
no wires or conducting segments.
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 •  Items with internal wires should not be present during an MRI examination, 
including pulmonary artery catheters that have a wire for determining temperature 
and certain epidural catheters with wires.

 •  Because of missile danger, ferromagnetic anesthesia equipment may not be 
brought into the magnet room.

 •  Essential anesthesia equipment that can be sucked into a magnet must be bolted 
to a wall and tested before entry of the patient into the scanner.

 •  Anesthesiologists who stay in the magnet room during examinations must wear 
ear plugs to avoid permanent hearing loss from high-decibel acoustic noise.

c o M M o n  t o  a l l  i s s u e s

 •  If the cause of an electrical burn or incident is uncertain, then the relevant 
equipment or areas should be secured until experienced biomedical personnel 
mount a thorough investigation that may include simulation of patient conditions.

K e y  P o i n t s — c o n t ’ d
Despite technologic advances that have increased the 
sophistication of operating room electrical equipment, 
three types of danger persist from the days of flammable 
anesthetics: fire, electrical burns, and electrical shocks (e.g., 
macroshocks, microshocks). Improved alarm systems and 
safeguards have accompanied the technologic progress, 
but the size and number of electrical devices used per case 
has also increased. The result is the introduction of new 
ways to create unsafe electrical configurations that can lead 
to severe injury during surgery and anesthesia. Inattention 
to electrical safety can have serious consequences. Tragic 
events continue to be reported in the medical literature; 
in some cases, a moment of injury leads to a lifetime of 
patient suffering. Frequently, the culprit is unsafe surgical 
equipment or its unsafe use. However, disasters can also 
originate in damaged or misused anesthesia equipment, 
including physiologic monitoring devices.

From 1995 to 2000, a surge in the number of important 
articles concerning intraoperative fires were written,8-13 
with cause analyses being based on the fire triangle or the 
three requirements for a fire: oxygen, fuel, and ignition 
source.13 Operating room fires fall into one of three basic 
categories: (1) the patient or something in the patient is 
on fire, (2) equipment has an electrical fire (i.e., one initi-
ated and sustained by electric currents), or (3) the surgical 
drapes or other operating room items are on fire. Inadver-
tent ignition is often involved and easily identified, for 
example, when electronically generated sparks or a high 
temperature initiates the burning of the surgical drapes. 
However, ignition sources can also be complex and not 
immediately understood, as in the case of an exploding 
expiratory valve in an anesthetic breathing circuit.14 In 
the operating room, anesthesiologists need to be aware 
of fire safety concerns, do all they can to keep ignition 
sources away from fuel sources, and safely use supplemen-
tal oxygen. Apart from fires, electrical equipment with 
inadequate grounding or other faults and induced cur-
rents from radiofrequency fields have caused severe burns. 
One report described a neonate with third-degree burns 
after the application of an external cardiac pacing device 
for a prolonged period15 (see also Chapters 78 and 95). 
Another report described serious burns occurring from 
the electric direct current (DC) generated by a 9-volt bat-
tery in a small neuromuscular stimulator.16 Fortunately, 
patient electrocution is now uncommon, although it was 
once a well-recognized hazard of surgery, of the operating 
room, and even of hospitalization in general.17-20

Although many types of modern equipment appear 
different from their ancestral counterparts, the injuries 
caused by electricity are similar or identical to those 
occurring generations ago. Electrical malfunctions in the 
operating room continue to cause fires and explosions, 
central and peripheral nerve stimulation and damage, 
muscle stimulation and contracture, tissue burns, pace-
maker interference, and sudden loss of power to impor-
tant equipment. Safety standards for medical equipment 
have been improving, and preventive maintenance of 
equipment, careful attention to the electrical contacts 
used on patients, and appropriate responses to alarm sig-
nals will avoid most complications. Understanding elec-
trical safety is an especially important responsibility for 
anesthesiologists because perioperative electrical dangers 
can often be identified before they lead to the disruption 
of patient care or to injury.21-25

Having described the general situation, this chapter 
now turns to the essential details of electrical safety. The 
previous Key Points provide guidelines for safe clinical 
practice.

ELECTRICAL GROUND

What is an electrical ground? This question is important 
because discussions of electrical safety often center on 
whether circuits are grounded. To the clinician, an elec-
trical ground is the wire connected to the third prong on 
plugs that are inserted into electrical wall outlets. With 
regard to circuits, an electrical ground is any object con-
nected to a circuit that is capable of instantaneously sup-
plying or receiving arbitrarily large amounts of electrical 
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charge. The National Electrical Code of the National 
Fire Protection Association* (NFPA) defines an electrical 
ground as a conducting connection, intentional or acci-
dental, between an electrical circuit or equipment and 
the earth or as a connection to some conducting body 
that serves in place of the earth. Because the earth can 
be taken as an infinite reservoir of electrical charge with 
a limitless ability to give up or receive electrons, any 
charged object connected to the earth loses its charge 
and assumes the same potential as the earth.21 Relative 
to the earth and to each other, the voltage between two 
grounded objects is zero.

When a circuit is intentionally grounded, the physical 
objects chosen to serve as the electrical ground can vary. In 
a remotely located mobile army surgical hospital unit or a 
recreational camping van, equipment may be grounded by 
connections to a spike that goes into the earth. In a large 
urban medical center, the ground may consist of a subter-
ranean network of pipes. For a small, hand-held radio, a 
human being may serve as the connection to the ground.

In hospital settings, the clinician does not need to 
understand the details regarding the choice of the ground. 
However, clinicians must often know whether they, their 
patients, or their pieces of equipment are grounded. Liv-
ing organisms tolerate only limited amounts of electric 
current. Unintended new contacts with electrical ground 
can sometimes be injurious when they enable small elec-
tric currents to reach the heart or neural tissue. However, 
they are always dangerous when they permit large electric 
currents to travel through the body. Fortunately, alarms 
for operating rooms and surgical equipment are designed 
to provide danger signals before errant currents are estab-
lished by a sudden, new, unwanted ground connection. 
If the operating room has a line isolation monitor (LIM), 
explained later, hearing its loud warning sound means 
that a faulty ground connection is one step away from 
establishing a large current in the patient. Human protec-
tion from large currents can be ensured if connections 
to ground always occur through a sizable resistance. The 
danger of being grounded through an electrical resistance 
that is too small can be illustrated by an unrealistic but 
vivid hypothetic example. Imagine a person standing on 
top of a giant copper cylinder that extended down to the 
molten core of the earth. This low-resistance connection 
to the largest imaginable electrical ground would be quite 
unsafe because the person would essentially be a fuse, 
poised to suffer whatever large electric current is applied. 
The safety that would be achieved by inserting very large 
electrical resistance between the person and the copper 
cylinder—but not so large a resistance that it causes per-
fect insulation—explains a requirement that was estab-
lished long ago when explosive anesthetic gases such 
as cyclopropane were used. Operating rooms were then 
required to have conductive floors made of specific resis-
tive materials. Such substances had high carbon content, 
making them neither as conductive as metal nor as insu-
lating as rubber. The high carbon content imparted a dark 
black color, one that can commonly be found in many 

* National Fire Protection Association, 1 Batterymarch Park, P.O. Box 
9146, Quincy, MA 02269-9959. http://www.nfpa.org. Standards are 
available for download at http://webstore.ansi.org.
of today’s operating room tables and cushions made of 
resistive material.

In the United States, electrical plugs have three prongs 
with only two providing voltage or, equivalently, power. 
A special third prong serves only as a connection to a 
ground (i.e., to an object that makes an electrical connec-
tion with the earth or with a metal network such as iron 
pipes). Travelers to Europe and elsewhere may recall see-
ing electrical outlets for plugs that have only two prongs 
and no separate ground wire. A two-wire system becomes 
especially unsafe if three-pronged equipment is plugged 
into it with the third prong left unattached.

A ground fault current interrupter (GFCI) electrical out-
let allows a person to test that the third connection in the 
outlet is connected to a functional ground. More signifi-
cantly, GFCI outlets enhance electrical safety by serving 
as emergency circuit breakers that shut off power when 
one of the two power lines in the outlet is accidentally 
connected to a ground. Thus the GFCI is a first fault detec-
tor. GFCI outlets, found in hospitals and homes, have two 
buttons, TEST and RESET. Pushing TEST causes a special 
resistor to be connected across the power and ground ter-
minals in the receptacle. If the ground connection (i.e., 
the third wire) is in place and connected to the system 
ground as it should be, then current flows through the 
resistor and causes a circuit breaker in the outlet to open. 
No electricity can then be delivered by the outlet. Push-
ing RESET resets the circuit breaker and restores electrical 
power. Pushing TEST would not cause the circuit breaker 
to open if, for example, a contractor accidentally forgot to 
install the ground wire or if an earthquake or other mis-
hap caused a break in an installed ground wire. Protection 
against accidental grounding of one power line in an out-
let is required by the NFPA for wet environments such as 
operating rooms. Installation of GFCI electrical outlets is 
one way to satisfy NFPA protection requirements. As dis-
cussed later in this chapter, a second (traditional but more 
expensive) way is to have power come from an isolation 
transformer equipped with an LIM.26,27 In the operating 
room, if a power outlet is not part of an isolated system 
with an LIM, then it should be a GFCI outlet.

Electrical engineers commonly choose the ground as a 
reference location where the voltage is defined to be zero. 
Therefore the voltage at any point in a circuit is the dif-
ference between the voltage at that point and the voltage 
at the electrical ground. Because of this, ground connec-
tions in commercial circuits help professional personnel 
check for proper functioning. A technician connects one 
voltmeter probe to the electrical ground while touching 
different circuit elements with the other voltmeter probe. 
The manufacturer’s table can be used to compare read-
ings and, in this way, identify problems in the circuit. 
Specifying the location of the electrical ground helps 
people communicate standards for circuit performance.

ISOLATION OF ELECTRIC POWER FROM 
THE GROUND

Electrical contacts with the ground can cause injury if they 
occur in two different locations, completing a circuit and 
permitting a large flow of current through the ground. 
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One strategy for ensuring safety is to isolate all electric 
power sources from the ground, thus making it impos-
sible for the ground to be used as a path for injurious or 
damaging currents.

Traditionally, isolation transformers, which usually take 
the form of large wall panels that have outlets and meters, 
implement this strategy in the operating room. The term 
isolation transformer comes from the fact that power out-
put is isolated from the electrical ground. Figure 109-1, 
A, shows a schematic diagram of an isolation transformer. 
A device built into the transformer constantly checks that 
all is well with this setup. It monitors the extent to which 
the output power lines are isolated from the ground and 
is called the LIM. The following text reviews how the LIM 
came into existence, why it can be important, and precisely 
what it is.

Electric power for an operating room comes from a pri-
mary hospital source that usually originates from a con-
nection to an electric alternating current (AC) station of 
the local power company. (Sometimes in an emergency, 
a gasoline-powered electrical generator is the primary 
source.) In the traditional setup, after arriving in an oper-
ating room, the secondary coils of one or more large 
isolation transformers modulate, isolate, and dispense 
the electric power to electrical outlets in the room. Such 
transformers are very expensive, and the traditional setup 
is found less often in new hospitals. However, when there 
is a transformer, connections in three-hole power outlets 
in the operating rooms are somewhat different from the 
connections in standard outlets found elsewhere in the 
hospital.25 In such operating rooms, connecting one of 
the two power contacts to the ground contact cannot 
complete a circuit.

The panel of each isolation transformer is required 
to have an LIM, which is an electric current meter that 
demonstrates isolation of the transformer’s output power 
from the ground. Large isolation transformers were origi-
nally required by the NFPA in all operating rooms because 
of the use of inflammable anesthetics.26 It is permissible 
for operating rooms to be built without them as long as 
basic safety is maintained by otherwise isolating electri-
cal circuits from the ground. Such is now accomplished 
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Figure 109-1. Schematic diagrams of an isolation transformer (A) 
and electric grounding (B) for an electrocardiographic (ECG) unit in 
the operating room (OR) (i.e., outlet to equipment).
 a power transformer inside most electrical devices that 
lates voltage applied to the device’s circuits. Instead of 
e large isolation transformer for all equipment, each 
ce of electrical equipment has a small isolation trans-

rmer inside it. Such was not the case when large isola-
n transformers were initially required. Arguing for the 

tal abolition of operating room isolation transformers 
d their LIMs is therefore possible. In support of such an 
ument is the observation that isolation transformers 
d LIMs have always been absent in intensive care units 
d postanesthesia care units, places where medical per-
nnel use the same electrical instruments that are used 
 operating rooms. Should anesthesiologists advocate 
e elimination of future installations of isolation trans-
rmers and LIMs in operating rooms? The answer can be 
her yes or no,26,27 depending on the type of electrical 
uipment that is used and the surgical situation. Surgery 
n involve having very wet patients covered or soaked 
th fluids that conduct electricity and find pathways to 
e ground. In these situations, currents can be established 
rough the errant pathways from electrosurgical tools, 
ch as through saline solutions to electrocardiographic 
CG) electrodes or the operating room table. New oper-
ng rooms in ambulatory surgery centers would seem to 
t need isolation transformers, although they are well 
ited for operating rooms for liver transplantation and 
her procedures involving a large amount of fluid.
The schematic diagram of an isolation transformer in 
ure 109-1, A, shows what is presented by the power 
tlet to any power cord that gets plugged in. Each power 
tlet connects to two current-carrying wires that come 
m the secondary coil of the transformer. The third 
ntact in the power outlet is connected to the standard 
spital ground and not to the isolation transformer. 
e primary circuit of the transformer is attached to the 

ound, but the secondary circuit of the transformer is 
t.
When an ECG monitor is plugged into a power out-
 in the operating room (Fig. 109-1, B), neither of the 
o current-carrying wires from the secondary coil of the 
nsformer is connected to the ground by the ECG cir-
itry. This demonstrates the general principle that elec-
cal circuits within an apparatus need not be grounded, 
hough the metal case that houses the circuits is always 
ounded. For many circuits, proper functioning depends 
 good isolation. The statement “all operating room 
uipment must be grounded” means that the ground 
nnection on a power cord that comes from equipment 
ust always end up in contact with the ground provided 
 the transformer. In the example given in Figure 109-1, 
the ECG case is connected to the hospital’s electrical 

ound, and the internal circuitry is connected to the out-
t of the isolation transformer.
For reasons related to both safety and power conser-
tion, three wires are in electrical circuits: (1) the hot 
re, which is black in the United States and white in the 
ited Kingdom and some other countries; (2) the neu-
l wire, which is white in the United States and black 
 the United Kingdom; and (3) the ground wire, which 
commonly green. Electrical power boxes in hospitals, 
sinesses, and homes generally receive 240-volt lines 
at are converted into 120-volt main power line circuits 



(Figure 109-2, A). (The values 240 and 120 refer to root-
mean-square voltage values for AC circuits. Peak volt-
ages are larger by a factor of 1.41, the square-root of 2.) 
Although hot and neutral wires carry and return electrical 
currents to power outlets, the sample situation in Figure 
109-2, A, illustrates why the neutral wire, which is con-
nected to the ground from the center of the upstream 
transformer, is somewhat safer. For the situation shown 
in the figure, both 120-volt daughter circuits have equal 
current loads, and this results in the neutral wire’s return 
current for one daughter circuit being equal and oppo-
site to that of the other daughter circuit. The unequal 
widths of prongs in electrical plugs and outlets lets elec-
trical equipment preserve the circuit asymmetry created 
by main power boxes that are designed to have hot wires 
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and neutral wires. Additional background and details of 
such fundamentals have been recently reviewed.1

Figure 109-2, B, which illustrates the safety of one 
daughter circuit, is worthy of further discussion. If 
mechanical or electrical damage causes concern about 
the electrical safety of an ECG monitor, then could a fail-
ure occur inside the ECG monitor that would place the 
patient or anesthesiologist in contact with the internal 
circuitry? If so, then would electric current travel through 
the person from the ECG circuitry to the ground and 
cause injury or distress? If the ECG circuitry remains iso-
lated from ground, then the answer is no.

The first part of the schematic in Figure 109-2, B, 
shows how isolation provides safety. A grounded person 
is touching the internal circuitry at point B. The isolation 
Figure 109-2. A, Schematic diagram shows the 
creation of two isolated 120-volt alternating cur-
rent (AC) circuits in a power box that receives 240 
volts of AC from an upstream source. The left side 
of the diagram represents the secondary coil in a 
transformer whose primary coil is not shown. The 
neutral wire connects the center of the 240-volt 
main power input on the left to the ground (G). The 
isolation transformer creates two isolated circuits of 
120 volts, each loaded with a piece of equipment 
represented by the impedance Z. Arrows indicate 
simultaneous current directions. The central hori-
zontal wire in the isolated circuit that is opposite to 
the neutral wire in the primary circuit is connected 
to the neutral wire contact in electrical outlets. B, 
When the transformer output is ungrounded, no 
electric shock occurs to the person at the right if 
an isolated power line is touched (top). An electric 
shock does take place if the person touches the 
circuit after occurrence of the ground fault shown 
(center). In the potentially injurious electricity path, 
shown in red, current comes up from the ground 
through the fault, circles around, and returns to 
the ground by traveling through the person’s 
body. The person suffering the electric shock has 
been replaced by a current meter and a large resis-
tance to ground. This is the basis for detection of 
the first fault by the line isolation monitor (bottom 
portion). R, Resistance; KΩ, 1000 ohms.
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transformer supplies current to pathways that connect 
the two hot leads in the outlet (points A and D). However, 
the only way for electric current to get from point A to D 
is through impedance Z. Because each of the hot points 
in the wall outlet are not grounded, the person in Figure 
109-2, B, is safe from shock.

The second part of the schematic in Figure 109-2, B, 
however, shows that two inadvertent ground contacts 
could produce a dangerous situation, especially if one 
of those contacts is a human being. Suppose that a fault 
occurs near point D and causes the internal circuitry to 
come in contact with the external metal case. A danger-
ous shock would result from touching the circuit at point 
B. Because of the fault, current could complete a pathway 
through the person and ground (i.e., from point A to D). 
Isolating the power lines from the ground and knowing 
when isolation is compromised by a fault is useful.

Every isolation transformer has an LIM that monitors 
isolation of the transformer’s two power output lines 
from the electrical ground. The third part of the sche-
matic in Figure 109-2, B, shows how the LIM (an amme-
ter) replaces the smiling and frowning people (see Fig. 
109-2, B). When very low amperage is indicated, the LIM 
verifies that the power output lines of the transformer are 
isolated from the electrical ground (see Fig. 109-2, A). The 
reality of the LIM connections is different because either 
of the hot wires could become accidentally grounded. 
The LIM is actually connected to both sides of the iso-
lated power output (Fig. 109-3) and is set to sound an 
alarm when either side has an impedance to the ground 
that is less than 25,000 Ω or when the maximum current 
that a short circuit could cause exceeds 2 milliampere 
(mA). The LIM is insensitive to currents below 2 mA. As 
discussed later in this chapter, the LIM provides no pro-
tection against microamp currents and microshock.

Many events that commonly occur in operating rooms 
can produce a short circuit between the power and ground 
and result in the LIM sounding the alarm. For example, 
dripping or spilling saline, blood, or another conducting 
liquid into the receptacles of an electrical extension cord 
that is on the floor near the operating table can produce a 
short circuit. For this reason, rules from the NFPA and The 
Joint Commission (TJC) (formerly the Joint Commission 
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Figure 109-3. Schematic diagram shows the complete connections 
of the line isolation monitor (LIM). The alarm sounds a first fault if 
either isolated power line has less than 25,000 Ω of impedance, which 
corresponds to 2 milliampere (mA) or more being drawn through the 
LIM.
on the Accreditation of Healthcare Organizations) have 
evolved to generally forbid the use of electrical exten-
sion cords in operating rooms and other clinical areas. 
Ideally, every piece of electrical equipment in the operat-
ing room is supposed to have a power cord that is safely 
routed to a wall outlet. In the rare circumstance when 
an exemption permits the use of an electrical extension 
cord, the cord must tolerate high current and have water-
tight covers that flip into place over unused outlets. If wet 
receptacles on an extension cord appear to set off an LIM, 
then the extension cord should be changed. If the LIM 
suddenly and unexpectedly or immediately rings after a 
new piece of equipment is plugged in, then that equip-
ment should be immediately unplugged. If plugging in 
a piece of equipment repeatedly causes the LIM to sound 
an alarm, then the equipment should not be used until it 
is checked. Similarly, if the use of a particular power out-
let repeatedly causes an alarm, then it should not be used 
until it has been checked. When an LIM alarm indicates a 
first fault (i.e., one power line is grounded), large, poten-
tially damaging currents may subsequently occur through 
ground connections if a second ground fault is indicated. 
The path of damage may include the anesthesiologist, 
the patient, or an essential piece of equipment. An alarm-
ing LIM warns that someone in the operating room may 
receive an electrical shock or burn when touching con-
nections to electrical equipment.

As noted earlier in this chapter, detection of a first 
fault in grounding is possible without the use of isolation 
transformers and LIMs. GFCI outlets provide protection 
against a first fault. However, they provide protection 
by suddenly shutting off all power from the outlet. An 
advantage of the LIM is that operating room personnel 
learn about a first fault without losing electric power. 
A disadvantage of the LIM is its susceptibility to newly 
developed artifactual causes of alarm. Certain devices 
used in operating rooms emit electrical radiation, inten-
tionally or incidentally, that falsely cause LIMs to sound 
an alarm. Such devices include instruments that gener-
ate ultrasonic sound waves for the disintegration of a 
tumor and infrared and laser surgical navigation systems 
for stereotaxic surgery or anatomic localization, such as 
the computerized Stealth System and the Brainlab surgi-
cal guidance platform. These systems use electromagnetic 
waves to track fiducial markers attached to patients to 
enable locations on the patient to be linked to locations 
on three-dimensional MRI and computed tomographic 
scans. Noise can also be introduced into infrared pulse 
oximeter sensors that are connected to patients, when 
these are in an infrared navigation system’s field of view. 
However, shielding the sensor with a cloth towel easily 
avoids such interference and misleading values of periph-
eral oxygen saturation (SpO2).

CAPACITIVE COUPLING

The direct connection of two circuit elements by a wire 
or resistor is known as resistive coupling and is the easi-
est type of coupling for an anesthesiologist to recognize 
and understand. The connection is visible and the effects 
of the connection are apparent for circuits carrying DC 



or AC at all frequencies. More subtle and abstract is the 
concept of capacitive coupling, which applies only to AC. 
This concept is relevant to anesthesiologists because it 
can account for electrical connections being present at 
high-current frequencies. If the alarm of an LIM goes off 
only when the electrosurgical electrode delivers high-
frequency current to the patient, then capacitive coupling 
may be causing the dangerous pathway to the ground, 
and some power outlets that are safe for low-frequency 
currents but not for high-frequency currents may be pres-
ent. Grounding pads, connections to electrical plugs, and 
equipment may need to be separated even farther from 
each other before the problem is remedied. The rationale 
directly follows the basic principles governing capacitive 
coupling.

The parallel-plate capacitor (Fig. 109-4), a circuit ele-
ment that permits temporary storage of electrical charge, 
is very real to anesthesiologists when they use a defibril-
lator and announce “charging” just before delivering an 
electrical shock. More abstract is the concept that capaci-
tors block the passage of DC while allowing the passage 
of AC. The total number of ohms that a capacitor has 
for obstructing AC or DC quantifies the electrical imped-
ance of an object. This concept, which is a generalization 
of electrical resistance, permits the frequency-dependent 
assignment of ohms to all circuit elements: capacitors, 
inductors, and resistors. For capacitors, the ohmic calcu-
lation is performed with a simple formula. The imped-
ance (Z, in ohms) of a pure parallel-plate capacitor is a 
function of the AC frequency (f):

  Z
fC

= 1
2π

In this instance, capacitance (C, in farads) is directly 
proportional to the area of the capacitor plates and 
inversely proportional to the space between the plates. As 
f increases, impedance to the flow of current decreases. For 
DC, f equals 0, and impedance becomes infinitely large.

At very high frequencies, capacitive coupling to the 
ground occurs through fewer ohms of impedance than at 
low frequencies. Because any two conducting objects in a 
room have surface area and an average distance of separa-
tion, they form a kind of capacitor. Any two objects have 
a capacitive coupling, which means that each of the two 
output lines of an isolation transformer is always coupled 
to the ground at AC frequencies.

Although such capacitive coupling is usually insig-
nificant, it can sometimes be significant at frequencies 
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Figure 109-4. Schematic diagram of a parallel-plate capacitor. C, 
Capacitance in farads; f, frequency of alternating current.
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of 60 cycles per second (i.e., 60 Hz). More commonly, 
capacitive coupling becomes a problem during electro-
surgery performed at higher frequencies, typically hun-
dreds to thousands of kilocycles per second. Capacitive 
coupling, which lets high-frequency currents easily pass, 
is commonly used by manufacturers in two connections: 
between the electrosurgical unit and the electrosurgical 
pencil (i.e., cutting or coagulation tip) and between the 
electrosurgical unit and the large-area grounding pad that 
attaches to the patient. The formal term for this large-
area conducting pad is dispersive electrode. Capacitive 
coupling gives high-frequency electrosurgery currents a 
low-impedance path to and from the patient. At the same 
time, by presenting high-impedance paths at low fre-
quencies, capacitive coupling prevents the electrosurgical 
pencil and the large-area conducting pad from participat-
ing in dangerous low-frequency grounding of the patient.

Capacitive coupling in an electrosurgical unit might 
have prevented a serious burn caused by the DC of a 
9.5-volt battery within an anesthesiologist’s damaged 
nerve stimulator.16 An older electrosurgical unit was used 
in that case, and it was not capacitively coupled to the 
large-area grounding pad on the patient. The damaged 
nerve stimulator had a connection to the ground con-
tact that permitted completion of a DC circuit (i.e., the 
patient through the faulty connection to the ground and 
then the ground through the large-area pad back to the 
patient). The DC persisted throughout the case, even 
when the stimulator was not pulsing. In laparoscopic and 
endoscopic surgery, avoiding unwanted capacitive cou-
pling between the unipolar cautery tool and neighboring 
metal conductors such as trocar cannulas is important for 
surgeons. Stray currents from unwanted capacitive cou-
pling can involve and injure organs such as the bile duct 
and bowel.28,29 Anesthesiologists need to be aware of such 
potential surgical complications, particularly if they may 
be erroneously attributed to anesthesia.

Capacitive coupling can be responsible for severe burns 
from conventional pulse oximetry (with nonfiberoptic 
cable) in patients anesthetized for MRI.30-32 However, 
the possibility of being burned by a faulty pulse oxim-
eter probe exists independently of capacitive coupling 
or radiofrequency currents induced by the MRI environ-
ment.33,34 In the setting for such a burn, the patient is 
external to a malfunctioning electrical circuit that causes 
the probe, which contains the photodiode and attaches 
to the patient, to overheat and burn tissue. Connecting 
the wrong kind of probe (e.g., one from another type of 
unit) to an oximeter console can cause such a catastrophe.

It has long been known that a perfectly safe conven-
tional pulse oximeter (with nonfiberoptic cable) can be 
transformed into a dangerous, burn-causing device if 
attached to a patient being scanned in an MRI magnet. 
The problem arises from magnetic and electric fields that 
oscillate at megahertz frequencies (in radiofrequency 
coils) and at kilohertz frequencies (in gradient coils) 
during the acquisition of MRI data. Capacitive coupling 
can connect a patient to wires in a pulse oximeter cable 
and to metal in a pulse oximeter probe. In such a situa-
tion, the patient becomes part of a high-frequency loop 
circuit, with currents entering and exiting at the points 
of capacitive coupling, particularly at the site of probe 
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attachment.35-38 Fortunately, anesthesiologists now know 
to use only pulse oximeter cables that have long, non-
conducting fiberoptic connections between the photo-
generating and photodetecting parts. Connections of the 
console to the cable are outside the magnet, distanced 
from pulsing MRI coils, and only nonconducting com-
ponents are connected to the patient in the magnet. The 
absence of metal or conducting components of the cable 
or probe attachment eliminates the possibility of patient 
burns from induced currents during MRI.

Anesthesiologists monitoring patients with pulse 
oximetry in MRI magnets must use only units that are 
MRI safe and MRI compatible—those with a long fiber-
optic cable as previously described. If, for some reason, 
the anesthesiologist decided to take a conventional pulse 
oximeter from an operating room to the MRI suite and 
attach it to a patient in an MRI magnet, then severe burns 
could occur.

ELECTRICAL SHOCK

MACROSHOCK

Macroshock refers to disturbances in neural or muscular 
function, or both, caused by the application of high volt-
age or current. Problems can arise if macroshocks occur 
near the heart, as in a fatal case when a patient’s ECG 
leads were accidentally attached to a power cord.17 How-
ever, macroshock can also cause injury if contact is made 
at locations remote from the heart.

If someone’s hand or arm accidentally touches a volt-
age terminal, then the response to electric current flow-
ing through the arm will depend on the amplitude and 
frequency of the current. Sensation of a 60-cycle current 
occurs at approximately 300 microamperes ( µA), and 
pain occurs at approximately 1 mA. If the current exceeds 
a certain value, which is called the let-go current, then 
the person is unable to release the object.39 The value of 
the let-go current varies with the frequency and among 
individuals. Figure 109-5 shows the range of average val-
ues as a function of AC frequency. The currents at 50- 
and 60-cycles per second have the lowest values and are 
therefore the most dangerous. The response of the cardiac 
muscle to electroshock also depends on frequency. Elec-
tric current is more important than voltage when issues 
of safety arise. Table 109-1 indicates the physiologic 
responses to increasing total-body current.

Continuous, total-body currents that reach 0.1 to 2.5 A 
(approximately 10 times the let-go value) can cause ven-
tricular fibrillation. The electric current generated by one 
pulse of an implanted cardiac pacemaker ranges from 
0.1 to 50 µA. Only a small part of the total-body current 
needs to pass through the heart to affect cardiac func-
tion. An electrosurgical unit generates so much power 
that it can induce microshock currents when it is used 
near implanted pacemaker wires. However, as a result of 
compliance with the safe grounding practices described 
earlier, the last convincing report of ventricular fibrilla-
tion induced by electrosurgery occurred in 1968.40

Defibrillation is often based on the same principle—
the skin is a good electrical insulator that requires large 
electric fields at its surface for the production of small 
electric fields internally. A jolt of 360 watt-seconds (or 
joules) during closed-chest cardiopulmonary resuscita-
tion delivers energy to the body comparable with that 
produced by a large-caliber handgun. (A 0.45-caliber bullet 
weighs 250 grains and has a muzzle velocity of 860 ft/sec  
when fired, which corresponds to energy of approxi-
mately 540 watt-seconds.) Only a very small portion of 
a defibrillator’s energy dose is needed to depolarize the 
heart.

MICROSHOCK

The passage of even small amounts of electric current 
through the body can interfere with normal function-
ing of muscles and nerves. Microshock refers to the direct 

TABLE 109-1 AVERAGE EFFECTS ON HUMANS OF 
60-HZ CURRENTS APPLIED AT BODY SURFACE 
AND PASSING THROUGH THE TRUNK 

Current (mA) for 
1-Second Contact Effect

1 Is the threshold of perception.
5 Is accepted as the maximum harmless 

current intensity.
10-20 Let-go value is exceeded.

Sustained muscle contraction is next.
50-100 Pain; possible fainting, exhaustion, 

mechanical injury; and heart and 
respiratory function continue.

100-2500 Ventricular fibrillation occurs.
Respiratory center remains intact.

≥6000 Sustained myocardial contraction is 
followed by normal rhythm.

Temporary respiratory paralysis occurs.
Burns if the current density is high 

(usually if the current >100 mA/cm2).

Modified from Bruner JMR: Hazards of electrical apparatus, Anesthesiology 
28:396, 1967.
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Figure 109-5. The response to electric current flowing through an 
arm when the hand accidentally touches a voltage terminal depends 
on the amplitude and the frequency of the current. Sensation of a 
60-cycle current occurs at approximately 300 microamperes (μA), 
and pain occurs at approximately 1 milliampere (mA). If the current 
exceeds a certain value, called the let-go current, then the person is 
unable to release the object. The value of the let-go current varies with 
frequency and among individuals. RMS, Root mean square.



application of very low voltage or current to the heart, 
often intentionally, by means of external or internal 
cardiac pacemaker electrodes. Inadvertent microshock, 
however, is dangerous because it can produce ventricular 
fibrillation. A faulty endoscope and faulty dialysis equip-
ment have caused deaths from accidental microshock.16,41 
Before 1980, arterial and central venous pressure trans-
ducers were a potential source of microshock because 
they brought electrodes very close to heparinized saline 
in contact with the intravascular compartment.42,43 How-
ever, in 1982, miniature disposable pressure transducers 
appeared that could be powered and operated with low-
voltage telephone cables. These are now exclusively used, 
and their safety with respect to microshock has been 
demonstrated by years of frequent use without reported 
complications. Such systems, however, are vulnerable to 
more subtle dangers, as was reported when a faulty cable 
connection permitted precision pressure tracings but 
caused a substantially lower pressure reading.44

Electric current is the most appropriate variable to 
address when setting safety limits. Because investigators 
have reported that electric current passing through the 
human heart needs to be at least 50 µA before ventricular 
fibrillation occurs,39,45,46 the American National Standards 
Institute (ANSI) on December 2, 1993, set 10 µA as the 
maximum leakage of current allowable through electrodes 
or catheters contacting the heart. This amount of current 
is considerably less than the peak electric current gener-
ated by an implanted pacemaker during a single pulse (0.1 
to 10 µA). Because 2 mA is the LIM warning level, the LIM 
does not provide protection against microshock hazards.

ECG-monitoring electrodes are electrically isolated 
from power circuits in the monitor by an isolation trans-
former in the main unit, a second level of isolation (see 
also Chapters 44 and 47). However, an anesthesiologist 
who wishes to perform intravenous or intracardiac ECG 
monitoring, as occurs during P wave–guided brachial 
placement of a central venous pressure catheter, should 
have qualified personnel check the ECG monitor for cur-
rent leaks. In some ECG and electroencephalographic 
(EEG) systems, electrode signals from the patient are trans-
lated into optical signals by a battery-powered amplifier 
with a photodiode output that is optically coupled to the 
main ECG or EEG unit, an even more thorough second 
level of isolation.

Endovascular procedures performed by interventional 
neuroradiologists include the placement of procoagulant 
coils inside certain types of intracranial aneurysms. The 
Chapter 109: Electrical Safety in the Operating Room 3227

coils are directly placed in aneurysms with a considerable 
depth and a narrow neck. However, when the aneurysm 
has a wide entrance and a short depth, concern is high that 
a loose coil could get carried away and act as a thrombus 
wherever it lodged. Therefore in such cases, a detachable 
coil is generally used to completely occlude the unfilled 
region. After being convinced of the coil’s location and 
stability, the angiographer sends a short electrical pulse 
through the coil, as though it were a unipolar surgical knife, 
which causes detachment at a known location. Although 
anesthesiologists should be aware of potential electrical 
hazards that come with new techniques,47 they should be 
comfortable about electrical issues in detachable coils inas-
much as they do not cause macroshock or microshock.

ELECTROSURGERY

Most concerns with electrical safety in the operating 
room arise from the use of electrosurgical units because 
they are capable of causing electrical shock, burns, explo-
sions, arrhythmias, and disturbances in pacemaker func-
tioning.48 Electrosurgical units operate at frequencies of 
approximately 300,000 to 2,000,000 cycles/sec (300 kHz 
to 2 MHz) to minimize the likelihood of ventricular fibril-
lation. During electrosurgery, high currents enter the 
patient through a small-area surface electrode at the tip of 
the cutting tool. The combination of high resistance (R), 
which is attributable to the small area, and high current 
(I) causes local tissue heating proportional to I2R, which 
produces cutting or coagulation. The tip of the electrode 
is also designed to produce lower current densities (low 
I2R) at points farther than a few millimeters from the elec-
trode tip. Figure 109-6 shows fanning out of the electric 
current. Electrosurgery is therefore a form of highly con-
trolled localized burning of tissue.

Concern about suffering an unwanted electrosurgical 
burn is a legitimate issue for patients with metal jewelry 
that pierces the body, such as umbilical rings, nipple 
rings, earrings, and tongue studs, among others. Obvi-
ously, the best solution is to remove all metal jewelry 
before surgery, and its removal is highly recommended. 
However, removal of metal jewelry can, at times, be 
cumbersome, burdensome, inconvenient, or simply 
unwanted by the patient. In such instances, leaving the 
jewelry in place is reasonable if the site of electrosurgery 
is far from the jewelry and if the jewelry is not directly 
within the path of the electrical current that travels from 
High current
density

Low current
density

(minimal
heating effect) Patient A

Large-area
ground contact

Small-area
ground contact

Patient B

High current
density

Burn!

(maximum
heating effect)

Figure 109-6. Schematic diagram shows the flow of electric current through the body when small- or large-area grounding pads are used.
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the cutting electrode to the grounding pad. For example, 
a nipple ring should be removed if surgery is on the breast 
with the nipple; if a nipple ring is allowed to remain on 
the opposite breast, then the grounding pad should not 
also be on the patient’s opposite side. As previously men-
tioned, in the case of no metal jewelry, electrical current 
rapidly fans out as it leaves the cutting electrode. The 
concern with metal jewelry is that it might re-concentrate 
electrical current that passes near it and thereby cause a 
burn. Thus metal jewelry that is left in contact with the 
skin should be held with tape in as large a contact area as 
possible. For example, a metal umbilical ring should be 
taped flat against the abdomen. If instead of a grounding 
pad a capacitive-coupled return electrode is used, then 
all metal jewelry should be removed. Because all metal 
objects have a surface area that can form capacitive cou-
pling with a capacitive-coupled electrode, its use in cer-
tain circumstances can dangerously increase the risk of 
burns.

Because smoke often appears where there is fire, con-
cern has been expressed regarding the safety of inhaling 
smoke from electrocautery. One group, assisted by the 
National Institute of Occupational Safety and Health, 
used the Ames test to examine the potential mutagenicity 
of electrocautery smoke collected during breast surgery.49 
Although the compounds collected were mutagenic, it 
is not known whether electrocautery smoke represents a 
serious health risk to operating room personnel. Never-
theless, the study recommended that surgeons minimize 
the production of electrocautery smoke and exposure of 
human beings to the smoke.

Because smoke is often present where there is fire, it 
is also important that nonflammable materials be used 
during electrosurgery. Fires have occurred in operating 
rooms because highly combustible surgical boundary 
drapes were placed close to electrosurgical units.50 The 
smoke from such fires can contain toxic substances.

From the preceding discussion, finding that electrosur-
gical units are powerful enough to provide excess electric 
currents capable of causing extensive tissue burns is not 
surprising. Surgical patients who become wet with blood, 
saline, urine, or other conducting fluids can form elec-
trical contacts with the operating table, the ground, or 
other conductors, including monitoring electrodes and 
surgical retractors. Such contacts can create potentially 
dangerous current pathways. For example, current from 
an electrosurgical unit may enter a patient through the 
grounding pad and return to the unit through one or 
more ECG electrodes. In this situation, the electrosurgical 
unit can provide current that burns the patient but never 
passes through the tip of the electrosurgical pencil used 
in the surgical procedure.

The dangers of electrosurgery in a wet environment, 
especially the possibility of establishing ground faults 
through wet connections, account for the presence of 
an isolation transformer (and LIM) in modern operat-
ing rooms. As noted earlier, GFCI outlets protect against 
ground faults by causing sudden deprivation of power, 
whereas isolation transformer setups turn on an LIM 
alarm instead and thereby permit less disruption. Loss 
of electric power during cardiac surgery can be a seri-
ous concern, which is one reason why anesthesiologists 
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ust know how to hand-crank cardiopulmonary bypass 
umps.51 Desflurane vaporizers require electricity for 
peration. The NFPA requires first ground fault detectors 
 operating rooms. However, anesthesiologists, surgical 

olleagues, and hospital administrators are free to choose 
FCIs or isolation transformers with LIMs, whichever 
est suits local conditions and practices.26,27

NIPOLAR ELECTROSURGERY

nderstanding the difference between unipolar and bipo-
r electrosurgery is important. In both cases the surgeon 

pplies electrodes directly to tissue to produce electric 
urrents that burn and cut or burn and coagulate. In uni-
olar electrosurgery, the more common of the two, the 
lectric current that enters the patient through one elec-
ode travels throughout the body and is collected outside 
e surgical field by a large, wide-area, well-jelled ground-
g pad (i.e., the dispersive electrode). Skin burns can 

ccur if the grounding pad is dry (i.e., most of the con-
ucting gel is gone) or is otherwise in poor contact with 
e patient. In such situations, the electric current col-
cted by the grounding pad is required to traverse small 

urface areas, and these inherently have high electrical 
sistance. Because I2R can substantially increase at such 

mall areas of grounding pad contact, increases in resis-
nce can lead to electrical burns of the skin.52 Electrical 

urns have also occurred at the site of ECG leads when 
e grounding pad was defective and the leads became an 

lternative path for returning high-frequency electrosur-
ery currents.53,54

A significantly more powerful unipolar electrosurgical 
ol, the argon beam coagulator (ABC), has become popu-
r among surgeons who must cut or coagulate vascular 
ssue.55 Operating room personnel unfamiliar with the 
esign and use of the ABC can easily mistake it for an 
rgon laser because a well-collimated, brightly colored 
eam of argon light glows at the tip of the electrosurgi-
al pencil. The glow, which has the same color as light 
mitted from an argon laser, represents a continuous 
lectrical discharge in a small, flowing column of argon 
as having a density that supports electric current. The 
BC was developed to solve a problem occurring with 
etal coagulation or cutting tips. In regions where a lot 

f blood is present, electrosurgical currents result in the 
dherence of sticky, burned tissue to the tip of the cut-
ng electrode, thus electrically insulating it and mak-
g further use impossible until the tissue is scraped off. 

urgery must stop while the tip is scraped clean. When 
rge areas of vascular tissue must be traversed (e.g., in 
epatic resection or repair of traumatic lacerations of the 
ver), conventional metal tips become difficult surgical 
ols. With the ABC, no metal surface is present to attract 

ticky, burned tissue. The tip of the cutting electrode is a 
ushion of argon gas that can transmit current as long as 
 touches tissue.

The anesthesiologist must understand that the use of 
e ABC means that significant electrosurgery is taking 

lace and that safety measures are more important than 
ver. As in conventional electrosurgery, surgical cutting 
nd coagulation with the ABC come from local I2R heat-
g losses at the point where the electrosurgical pencil 



C

is applied—in this case, where the argon gas meets the 
tissue. ABC operation therefore resembles conventional 
arc welding. Because the ABC is perhaps the ultimate 
spark generator, its use illustrates the extent to which one 
safety concern that was prominent in the days of inflam-
mable anesthetic gases has been abandoned.

Some body locations are never safe for unipolar elec-
trosurgery. This situation is frequently encountered dur-
ing neurosurgery and in patients with implanted cardiac 
pacemakers. The solution is bipolar electrosurgery (see 
the discussion that follows). Recently, during laparo-
scopic removal of a subphrenic mass in a patient with an 
intracardiac Swan-Ganz catheter, ventricular fibrillation 
occurred with unipolar electrosurgery, the most common 
type used in laparoscopic surgeries. One can ask whether 
the cause was stray current from the active electrode on 
its way to the grounding pad or capacitive coupling to the 
intracardiac catheter, issues related to things discussed so 
far. Both reasons might suggest it prudent to consider 
bipolar electrosurgery during laparoscopy when cautery 
is needed close to the heart.2,56

BIPOLAR ELECTROSURGERY

In bipolar electrosurgery, as in unipolar electrosurgery, 
current enters the patient through one electrode. How-
ever, instead of traversing the body to be collected by 
a dispersive electrode at a site remote from the surgery, 
injected current is collected millimeters away from the 
first electrode by a second electrode that appears identical 
to the first. Two pencil-point electrodes arranged at the 
tips of a forceps are used to perform bipolar surgery. Elec-
tric current flows through the patient’s tissue only at the 
site of surgery, where it is confined to the few millimeters 
between the electrodes. Bipolar devices are required when 
electrosurgery is performed on an ovary or a fallopian 
tube. Several cases of fatal bowel injury have occurred 
after female sterilization with unipolar devices.3,4

Patients with an implanted pacemaker or an automatic 
implanted cardioverter-defibrillator (AICD) frequently 
come to the operating room for procedures requiring 
electrosurgery (see Chapter 48). For such patients, bipo-
lar devices should be used whenever possible. Neverthe-
less, interference with the pacemaker can occur on rare 
occasions in such cases. Regardless of the type of elec-
trosurgery being performed, an AICD should be turned 
off during surgery because an unexpected intraoperative 
delivery of its 3- to 20-J defibrillation shock could result 
in injury not only to the patient but also to the surgeon 
and others near or in contact with the patient. People 
in contact with the patient at the moment of an AICD’s 
defibrillation shock can also receive a dangerous, pain-
ful electrical shock. Placement of a magnet over an AICD 
turns off its defibrillation feature and converts it to pace-
maker mode alone. However, magnet placement does 
not affect the pacing program of a programmable pace-
maker. (All AICDs have pacemaker circuitry.) Zoll pads 
connecting the patient to an external defibrillator/pacer 
should be fully operational when the AICD’s defibrillator 
is turned off, with the obvious exception being situations 
involving code resuscitation, such as when an advanced 
cardiac life support (ACLS) team has defibrillator pads 
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eady for use. If anesthesiologists on ACLS teams arrive 
t a situation during which cardiac arrest has occurred 
nd find that the patient has an implanted pacing device, 
hen they should immediately learn whether the device is 
n AICD to ensure that precautions such as magnet place-
ent can be taken to avoid shocking the code blue team 

uring resuscitation.
Because so many different types of pacemakers are 

ow in use, the plan for avoiding intraoperative pace-
aker interference must be based on the details of each 

articular case.5,6 In general, the likelihood of interfer-
nce depends not only on patient factors, such as the 
ype of pacing electrodes (i.e., unipolar, bipolar) and 
ow well the pacemaker circuitry is shielded, but it also 
epends on surgical factors, such as the proximity of the 
utting electrode’s discharge and the path of the electric 
urrent within the patient. In all such cases, grounding 
ads should be placed as far away as possible from the 
acemaker and its wires. In addition, if possible, the path 
rom the grounding pad to the surgeon’s electrosurgical 
utting electrode should not traverse the path from the 
acemaker circuit to the heart. Because of capacitive cou-
ling, electrosurgical noise can potentially affect either 
he heart directly or disrupt processing by the pacer’s 
rogram in a programmable pacemaker. Such interfer-
nce can result in complete heart block and no pacing 
r in severe tachycardia. Descriptions of incidents can be 
ound in numerous recent reports.7,57-60

Although anesthesiologists should always be pre-
ared to reset a pacemaker to the asynchronous mode 
i.e., regular, uninhibited pacing), assuming that magnet 
lacement always converts a pacemaker to asynchronous 
ode, which is the mode needed by patients depen-

ent on a pacemaker, is no longer correct. Because of 
acemaker diversity, preoperative consultation with an 
lectrophysiology cardiologist is always appropriate and 
ften essential, as is preoperative assurances that pro-
rammable pacemakers have recently been interrogated 
nd found to have no faults and then properly repro-
rammed. Although some precautions with programma-
le pacemakers can be easily understood, such as turning 
ff rate-sensing features, consultation with someone with 
he proper expertise is often the only way to review the 

any essential details of the pacemaker.6,54 Most hospi-
als have a cardiologist on call who can be reached for an 
mmediate electrophysiology consultation.

Finally, the anesthesiologist should be familiar with 
he use of isoproterenol, a pharmacologic pacer, which 
hould be available on the anesthesiologist’s drug cart. 
oncentrations of 1 µg/mL are appropriate for small bolus 

njections.

AFE PRACTICE

ne approach to safe practice involves having com-
lete, efficient checklists to consult for each concern, 
uch as fire safety or safety for patients with pacemak-
rs. The anesthesiologist should go through the checklists 
elevant to every case, just as the pilot and copilot of a 
ommercial airplane do for air travel. Years ago the word 
igilance was used more commonly to describe how the 
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anesthesiologist’s eyes and mind are repeatedly and sys-
tematically scanning everything in the operating room. 
Vigilance is now used more appropriately to describe the 
virtues of sophisticated electronic monitors and alarms in 
the operating room. However, no electronic monitors can 
direct the anesthesiologist’s attention to issues “outside 
the alarms,” to issues related to organization and plan-
ning, such as having enough electric power outlets in the 
operating room to accommodate all the equipment while 
also avoiding circuit overloads. Limitations of checklists 
include the danger of “finding only what one looks for 
and recognizing only what one knows.”61 Although safe 
practice is boosted by checklists, anesthesiologists should 
also always be vigilant for new problems. Thus the guide-
lines that the Key Points present at the beginning of this 
chapter should be considered a minimal summary that 
directs safe electrical practice, with a natural assumption 
that many anesthesiologists will add refinements and 
elaborations.
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K e y  P o i n t s

 •  Escape of anesthetic vapors into the operating room atmosphere is unavoidable. 
In the United States, the limits of exposure to atmospheric waste gases are set 
by the National Institute for Occupational Safety and Health (NIOSH), which 
recommends a time-weighted average of 25 ppm for nitrous oxide and a ceiling of 
2 ppm for volatile anesthetics.

 •  Based on high-quality data, trace concentrations of anesthetics in the ambient air 
of the operating room probably do not present a health hazard.

 •  Occupational exposure to radiation comes primarily from x-rays scattered by 
the patient and surrounding equipment. A distance of 3 feet from the patient is 
recommended to minimize physiologic damage from occupational exposure, and a 
distance of 6 feet from the patient provides the same protection as 2.5 mm of lead.

 •  Occupational exposure to human immunodeficiency virus (HIV) and hepatitis B and C 
is most often the result of a percutaneous injury. The risk of transmission is generally 
infrequent but is most often from hollow-bore needles, needles contaminated with 
visible blood, and exposure to a source patient with high viral titer.

 •  Postexposure prophylaxis is recommended after occupational exposure to HIV 
or hepatitis B virus. The U.S. Public Health Service–recommended guidelines for 
postexposure prophylaxis are available on the Centers for Disease Control and 
Prevention (CDC) website. The National Post-Exposure Prophylaxis Hotline is open 
24 hours a day for expert advice (1-888-448-4911).

 •  To minimize occupational exposure to bloodborne pathogens, standard 
precautions should be practiced at all times. The appropriate barrier precautions 
for anticipated contact with blood or body fluids are published by the CDC. 
Whenever possible, needleless systems should be used.

 •  Sleep deprivation has an adverse effect on physician mood, cognitive function, 
reaction time, and vigilance. Although sleep deprivation and fatigue clearly 
adversely affect clinical performance, their full impact on patient outcome has 
been difficult to determine.

 •  Anesthesiologists are overrepresented in drug treatment centers. The preference 
for and access to potent opioids contribute to the prevalence of drug addiction 
among anesthesiologists.

 •  The rate of drug-related deaths is more than twice as frequent in anesthesiologists 
as in internists.

 •  Although many successfully treated anesthesiologists return to the practice of 
anesthesia, they have a significant relapse rate. The chance of relapse is most 
frequent in physicians who become addicted to potent narcotics early in their 
career. Successful recovery requires a lifelong commitment to treatment. In some 
cases, leaving anesthesia as their specialty is the only solution.
The practice of anesthesiology exposes its practitioners 
to a variety of risks unique among medical specialties. 
Some of these risks are tangible or physical, such as waste 
anesthetic gases and communicable disease, whereas oth-
ers are more insidious and psychological, such as stress, 
3231

fatigue, and the pitfalls of substance abuse. Each of these 
risks can be mitigated, but probably not eliminated. In the 
case of physical exposures such as anesthetic gases, radia-
tion, and bloodborne pathogens, efficient gas scavenger 
systems, needleless systems, needle-shielded intravenous 
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(IV) lines, standard precautions, and postexposure pro-
phylaxis (PEP) protocols are now commonplace in con-
temporary anesthesia practice. The less tangible risks are, 
not surprisingly, more difficult to reduce. Although insti-
tuting work hour restrictions with house staff may limit 
fatigue, doing so may not improve patient outcomes, par-
ticularly when the restriction does not apply to practic-
ing physicians. Substance abuse remains a problem with 
a multifactorial etiology and few satisfactory solutions. 
This chapter examines the relative risk of each of these 
environmental and situational hazards and reviews the 
measures one can take to avoid them. Awareness is essen-
tial to safe anesthesia practice.

ANESTHESIA GASES

Trace amounts of waste gases enter the operating room 
atmosphere each time an inhaled anesthetic is delivered. 
The possible effects of occupational exposure include 
cognitive impairment and reproductive problems (e.g., 
spontaneous abortions and developmental defects in 
children).1 Various agencies have imposed limits for 
occupational exposure, but these are generally derived 
arbitrarily and are outdated. Although many strategies 
exist to mitigate exposure, imposed limits are routinely 
exceeded in clinical practice.

EXPOSURE LIMITS

Concentrations of waste gases are reported on a volume-
per-volume basis in parts per million (ppm). For example, 
100% sevoflurane, such as in the saturated vapor above the 
liquid in a bottle or vaporizer, has a concentration of 1 mil-
lion ppm. Similarly, 2% sevoflurane represents 20,000 ppm. 
The National Institute for Occupational Safety and Health 
(NIOSH) recommends a limit of 25 ppm for nitrous oxide 
(N2O) and a ceiling of 2 ppm for volatile anesthetics in 
the ambient air of the operating room.2 When used in 
combination with N2O, the ceiling for volatile anesthet-
ics is reduced to 0.5 ppm.3 In 1989, the American Confer-
ence of Governmental Industrial Hygienists incorporated 
duration of exposure into their guidelines and suggested 
a limit of a time weighted average of 50 ppm N2O over 
an 8-hour work day.1 The Occupational Safety and Health 
Administration (OSHA) published a detailed summary of 
causes and effects of occupational exposure to anesthetic 
gases, but this has not been updated since the year 2000, 
and it mimics the exposure limits set by NIOSH 2 decades 
earlier.1 In 2012, the National Institutes of Health Divi-
sion of Occupational Health and Safety published updated 
occupational exposure limits for sevoflurane (2 ppm) and 
N2O (50 ppm), as well as for older anesthetics no longer in 
routine use (Table 110-1).4

To put these figures into perspective, assuming that 
1 mL of a volatile liquid anesthetic produces 200 mL of 
vapor, that volume of liquid spilled in a closed room mea-
suring 20 × 20 × 9 feet results in a concentration of vapor 
of nearly 2 ppm. The maximal concentration of halothane 
recommended by NIOSH is severalfold lower than the low-
est concentration that humans can recognize. Only 50% of 
volunteers were able to detect halothane at concentrations 
as low as 33 ppm. The threshold of perception ranges from 
less than 3 to more than 100 ppm.5 If the anesthetic can 
be smelled, its concentration is well above the maximum 
recommended level.

The NIOSH exposure limits were developed in the 
late 1970s for N2O and halothane and, unfortunately, 
have not been updated since, nor do they include newer 
volatile anesthetics. These levels were selected somewhat 
arbitrarily, based on the lowest level known at the time 
to cause side effects (50 ppm N2O or 1 ppm of halothane 
caused cognitive impairment in dental students6), jux-
taposed against the level that could be easily and prac-
tically achieved.7 Subsequently, it was realized that the 
subjects were Mormon, a subgroup likely more sensitive 
to depressant drugs; the general population may not 
be susceptible to gases at these low levels.8 More recent 
work in a general, albeit small, sample showed cogni-
tive impairment at 50 ppm,9 and in any case, levels are 
routinely found by researchers to be well above these 
NIOSH levels.10,11

Waste N2O and volatile anesthetics in the absence of 
scavenging may approach concentrations as high as 3000 
and 50 ppm, respectively.5 Although the concentration of 
waste gases can be well controlled with proper scaveng-
ing, in practice, the levels recommended by NIOSH are 
not consistently met in the routine delivery of anesthe-
sia. Induction of anesthesia through a mask with likely 
leaks, disconnection of circuits, the use of laryngeal mask 
airways, and uncuffed endotracheal tubes all contribute 
to operating room contamination. Although exposure to 
anesthetic gases is more common in pediatric anesthesia 
(see also Chapter 93), during which induction of anes-
thesia and uncuffed endotracheal tubes are common, the 
introduction of the laryngeal mask airway to anesthesia 
practice probably increases operating room exposure to 
waste gases in adult cases as well. One study of inhaled 
induction of anesthesia and maintenance with sevoflu-
rane and N2O in adults resulted in violations of NIOSH 
standards 50% of the time.12

The universal use of scavenging systems can lead to a 
false sense of security among operating room personnel. 
Kanmura and colleagues found abnormally high ambient 
concentrations of N2O in 402 delivered anesthetics, of 
which 42% were the result of ventilation through a mask, 

TABLE 110-1 PROPOSED LIMITS OF EXPOSURE  
TO INHALATIONAL ANESTHETIC AGENTS

Agent NIOSH (ppm)* NIH (ppm)†

Nitrous oxide 25 50
Halothane 2 50
Isoflurane 2 2
Sevoflurane – 2

NIH, National Institutes of Health; NIOSH, National Institute for  
Occupational Safety and Health; ppm, parts per million.

*Data from National Institute for Occupational Safety and Health: Criteria 
for a recommended standard: occupational exposure to anesthetic gases 
and vapors, DHEW (NIOSH) publication no. 77-140, Washington, DC, 
1977, U.S. Department of Health, Education and Welfare.

†National Institutes of Health: Waste anesthetic gas (WAG) surveillance 
program, 2012. <http://www.ors.od.nih.gov/sr/dohs/Documents/Waste
%20Anesthetic%20Gas%20%28WAG%29%20Surveillance%20Progra
m.pdf/> (Accessed 06.12.13.)

http://www.ors.od.nih.gov/sr/dohs/Documents/Waste%20Anesthetic%20Gas%20%28WAG%29%20Surveillance%20Program.pdf/
http://www.ors.od.nih.gov/sr/dohs/Documents/Waste%20Anesthetic%20Gas%20%28WAG%29%20Surveillance%20Program.pdf/
http://www.ors.od.nih.gov/sr/dohs/Documents/Waste%20Anesthetic%20Gas%20%28WAG%29%20Surveillance%20Program.pdf/
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19.2% originated from a disconnected scavenging sys-
tem, 12.5% were the consequence of a leak around pedi-
atric endotracheal tubes, and 11.5% were the result of 
equipment leakage.13 Although dysfunction of the scav-
enging system was not the most common cause of ambi-
ent contamination, scavenging system disconnections 
led to higher contamination levels than levels resulting 
from inhaled induction of anesthesia. Furthermore, all 
the scavenging system disconnects in this study were due 
to human error rather than equipment failure.13 Because 
most anesthesia machines are not equipped to recognize 
disconnected scavenging systems, failure of the system 
may not be readily apparent. Thorough understanding 
and diligent maintenance of anesthesia scavenging sys-
tems is essential to comply with NIOSH standards and, 
more importantly, to minimize operating room exposure.

Occupational exposure is not limited to operating 
room staff; patients continue to exhale trace amounts of 
N2O for 5 to 8 hours after arrival in the postanesthesia 
care unit (PACU).14 Sessler and Badgwell measured the 
concentrations of gases at the lapel level of recovery room 
nurses during the first hour of PACU care in patients 
who had received inhaled anesthetics.15 In this study, 
breathing zone anesthetic concentrations were in excess 
of NIOSH recommendations in 37% of patients who 
received isoflurane, 87% of patients who received des-
flurane, and 53% of patients who received N2O. A more 
recent but similar study reported a much lower average 
concentration (3.1 ppm) of N2O in the breathing zone of 
recovering patients in a Canadian PACU.14 These stud-
ies demonstrate the importance of proper ventilation in 
PACUs. Both groups reported PACU room air exchanges 
of 8 volumes per hour; however, much of the air in the 
Sessler and Badgwell study was recirculated.15 N2O levels 
can be reduced to undetectable levels with air exchanges 
of 20 per hour, with 25% of each exchange taken from 
fresh air.16

Although OSHA does not currently regulate exposure 
to N2O and halogenated anesthetics, this agency does 
provide guidelines designed to minimize workplace expo-
sure. These include the appropriate assembly and moni-
toring of scavenging systems, the detection and correction 
of machine leaks, and the installation of effective ventila-
tion systems.1 In the operating room, the recommended 
air exchange rate is a minimum of 15 air exchanges per 
hour with at least 3 air exchanges of outdoor air per hour. 
In the recovery room, at least 6 air changes are recom-
mended with a minimum of 2 exchanges of outdoor air 
per hour. OSHA recommends that air sampling for anes-
thetic gases be performed on a biannual basis, to docu-
ment the extent of worker exposure and the effectiveness 
of scavenging and ventilation systems. Further, OSHA 
recommends maintaining records of air sampling meth-
ods, locations, dates, and concentrations measured, as 
well as results of anesthesia machine leak tests for at least 
20 years. Although OSHA is a government agency, these 
recommendations are not yet legally mandated.17

HEALTH EFFECTS

Anesthetics have been implicated as causes of cancer, 
abortions, and deficits in cognitive and psychomotor 
er 110: Environmental Safety and Chemical Dependency 3233

performance. Although early studies with older anesthet-
ics administered to rodents through gavage were associ-
ated with carcinogenicity, the route and dose may not be 
relevant to current anesthetic practice.17 Newer anesthet-
ics, when tested by the inhaled route, did not show such 
an association, although the newest inhaled anesthetics, 
sevoflurane and desflurane, were not tested.17

The possibility that chronic exposure to anesthetic 
waste gases could result in adverse health effects was first 
appreciated in the late 1960s, when a report of potential 
harm appeared in the Russian literature. In 1967, Vais-
man reported an increased incidence of abortions among 
female anesthetists. Specifically, this study noted 18 
spontaneous abortions in 31 pregnancies.18

After this initial report, many retrospective studies 
followed. Of these, three large studies conducted during 
the mid-1970s in the United States and the United King-
dom all concluded that the prevalence of abortion was 
substantially higher in female anesthesiologists than in 
female physicians working outside the operating room. 
Studies in this era also concluded that the incidence of 
congenital anomalies in children of male and female 
anesthesiologists was higher than in the control groups 
of physicians. In addition to these reproductive effects, 
meta-analysis of six of these early studies linked the 
exposure to anesthetic gases to hepatic disease in male 
anesthesiologists19 and cervical cancer, liver disease, and 
kidney disease in female anesthesiologists.20

Subsequently, many reports criticized these original 
studies, citing faulty methodology as a basis for errone-
ous conclusions that were disproved when the data were 
reanalyzed. Biases may have arisen for many reasons, 
including inadequate response rates, lack of control for 
confounding variables (e.g., age, nutrition, obstetric 
history, drinking, smoking, exposure to methylmeth-
acrylate, and radiation), lack of quantification of the 
exposure to anesthetic vapors, losses to follow-up, inap-
propriate comparison groups, and lack of independent 
verification of the reported data.19-22 Even the titles of 
some questionnaires, such as “Effects of Waste Anesthet-
ics on Health” and “Anesthetic Practice and Pregnancy,” 
may have introduced selection and recall bias by stimu-
lating respondents who work with anesthetics to over-
report their past experiences.23,24 Nevertheless, as late as 
1997 a meta-analysis of more than 19 studies completed 
between 1984 and 1992 reported a relative risk of abor-
tion in female subjects exposed to anesthetic gases to be 
1.48 (confidence interval [CI] 95%, 1.4 to 1.58).25

Given the persistence of this controversy, a Task Force 
on Trace Anesthetic Gases was convened by the American 
Society of Anesthesiologists (ASA) Committee on Occu-
pational Health of Operating Room Personnel. The task 
force analyzed data from all of the available epidemiologic 
studies at the time and concluded that no proof of an 
association between occupational exposure to waste anes-
thetic gases and adverse health effects existed. In addition 
to the analysis of retrospective studies, their report, pub-
lished in 1999 and not since updated, cited data from a 
prospective survey in the United Kingdom.26 This study 
monitored 11,500 female physicians in the United King-
dom and documented occupation, work practices, life-
style, and medical and obstetric history, as well as hours 
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of exposure and the use of scavenging equipment. This 
report showed the incidence of infertility, spontaneous 
abortion, and children with congenital abnormalities in 
female anesthesiologists to be the same as that in other 
physicians.26 A more recent review described the scien-
tific evidence for hazard from trace occupational expo-
sure as weak,20 and the stance of the ASA is that “There is 
no evidence that trace concentrations of waste anesthetic 
gases cause adverse health effects to personnel working 
in locations where scavenging of waste anesthetic gases is 
carried out.”17 However, most of the studies have signifi-
cant limitations, and routine occupational exposure may 
exceed that considered safe.

COGNITIVE PERFORMANCE

The NIOSH recommendations arose from a study by 
Bruce and Bach in which healthy volunteers in the labo-
ratory suffered a decrease in psychomotor performance 
when exposed to concentrations of N2O as low as 50 ppm, 
alone or in combination with 1 ppm of halothane. The 
same study showed that 25 ppm of N2O combined with 
0.5 ppm of halothane had no effect.2,27 Subsequently, 
three other groups of researchers studying volunteers in 
laboratories were unable to confirm the findings of Bruce 
and Bach. The lack of agreement among investigators has 
led some to conclude “that there is no convincing evi-
dence that anesthetics in concentrations equal to those 
found in unscavenged operating theatres have any effect 
on the psychomotor performance of healthy subjects in 
the laboratory.”28 A study conducted in volunteers in an 
operating room during normal clinical activities in which 
trace concentrations of N2O and halothane ranged from 0 
to 2300 and 0 to 37 ppm, respectively, also failed to detect 
impairment in psychomotor performance.29 These stud-
ies suggest no definitive cutoff above which psychomo-
tor performance is depressed. Hence occupational limits 
vary among countries. The standards set by the regulat-
ing bodies in Canada, United Kingdom, and Western 
Europe are often less stringent than the standards set in 
the United States.5

RADIATION

The anesthesiologist is routinely exposed to both ion-
izing and nonionizing electromagnetic radiation. Ion-
izing radiation is primarily from x-rays and occasionally 
from radioactive isotopes that release gamma rays, and 
the nonionizing radiation is from lasers. Less common 
is contact with ionizing radiation from radioactive iso-
topes that release either alpha or beta particles. Ionizing 
radiation has enough energy to create both free radicals 
and ionized molecules in tissues by driving electrons 
completely out of their stable orbitals. If the radiation 
exposure is severe enough, tissues may be destroyed, or 
chromosomal changes may cause malignant growth. 
Nonionizing radiation may excite electrons to move 
from the ground state to higher orbitals in molecules, but 
the electrons remain in the molecule. In this case, dam-
age to tissues may result from the heat produced by the 
absorbed radiation.
IONIZING RADIATION: X-RAYS

In the past, exposure to radiation occurred mostly in the 
operating room with the use of portable fluoroscopy and 
x-ray machines. Since 2000, however, in concert with the 
rise in the provision of anesthesia services for imaging and 
image-guided procedures, anesthesiologists are increas-
ingly at risk for exposure to larger doses of radiation. The 
advancement of endovascular surgery has led to a marked 
increase in the numbers of procedures performed in the 
radiology suite, thus significantly increasing exposure of 
anesthesia personnel to ionizing radiation. Because this 
type of radiation is undetectable with our normal senses, 
a basic understanding of its features will permit one to 
keep personal exposure to a minimum. Film badges, 
although not protective, provide a means of monitoring 
exposure.

Exposure is commonly reported in units of rem (roent-
gen equivalents man). A rem is essentially a measure of 
the biologic damage from radiation adjusted to apply to 
all tissues.30 Estimates of radiation exposure from natu-
ral sources vary, depending on geographic location. The 
average in the United States ranges from 80 to 200 milli-
rems (mrem) per year. Natural radiation comes primarily 
from cosmic rays (≈40 mrem at sea level, with an increase 
of 10 mrem/1000 feet), as well as from radioactive com-
pounds found in soil, brick, and concrete. For most 
physicians, the additional radiation from occupational 
exposure is no more than that from natural sources. 
Although the maximum yearly occupational exposure is 
mandated to be no more than 5 rem, radiology person-
nel rarely absorb more than 10% of this dose. Their larg-
est source of exposure is fluoroscopy. During pregnancy, 
radiography personnel are advised to limit their exposure 
to a maximum of 500 mrem.31

Occupational exposure to radiation comes primarily 
from x-rays scattered by the patient and the surrounding 
equipment, rather than directly from the x-ray genera-
tor itself.32 One chest radiograph results in approxi-
mately 25 mrem of exposure to the patient; procedures 
requiring multiple films occasionally involve more than 
1 rem. The amount of radiation generated during fluo-
roscopy depends on how long the x-ray beam is on. Just 
as light is reflected from surfaces, x-rays are reflected 
from the surfaces on which they impinge. This scatter-
ing accounts for most occupational exposure. Because 
the intensity of scattered radiation is inversely propor-
tional to the square of the distance from the source, 
the best protection is physical separation. A distance 
of at least 3 feet from the patient is recommended. Six 
feet of air will provide protection the equivalent of 9 
inches of concrete or 2.5 mm of lead.33 Although they 
are uncomfortable, aprons containing the equivalent of 
0.25 to 0.5 mm of lead sheet are effective in blocking 
most scattered radiation, and such devices are recom-
mended to be worn whenever an exposure risk is pres-
ent.34 Uncovered areas, such as the lens of the eye, still 
bear the risk of injury.32 Intraoperative radiation mea-
surements have shown that exposure is inversely related 
to the experience of the surgeon, and the amount of 
radiation received by the anesthesiologist during ortho-
pedic procedures is unmeasurable.35
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Radiation physicists recommend adhering to the 
ALARA program: radiation exposure should be kept as low 
as reasonably achievable. Staff members of departments 
of radiology have been extensively educated in the safety 
of occupational exposure. Attention to recommended 
methods of protection will limit exposure to minimal lev-
els. Technologic innovation leading to advances in imag-
ing technology and industrial design may further limit 
exposure.36,37

NONIONIZING RADIATION: LASERS

Laser is an acronym for light amplification by stimu-
lated emission of radiation (see also Chapter 88). Lasers 
produce infrared, visible, or ultraviolet light. Although 
the radiation from lasers is nonionizing, it is potentially 
unsafe both because of its intensity and because of the 
matter released from tissues during treatment.

Lasers are used in many surgical specialties, including 
ophthalmology, plastic surgery, gynecology, neurosur-
gery, urology, head and neck surgery, and gastrointes-
tinal surgery. A surgical laser produces intense, focused 
electromagnetic radiation to cut or destroy tissues. The 
radiation is usually infrared or visible light and is created 
in a “laser medium” that is stimulated by high-intensity 
energy to release photons of identical wavelength (coher-
ent or monochromatic light) from a laser chamber. The 
material in the medium (e.g., carbon dioxide, argon) is 
responsible for the wavelength produced by the laser. 
Of those in common clinical use, carbon dioxide and 
neodymium:yttrium-aluminum-garnet (Nd:YAG) lasers 
emit light in the far-infrared and near-infrared wave-
lengths, respectively; argon and tunable dye lasers pro-
duce visible light.38

Eye injuries are the greatest risk to personnel work-
ing near lasers. Strict standards for protection have been 
developed on the basis of current understanding but are 
subject to periodic revision as more experience is gained 
with these instruments. Either direct exposure or reflected 
radiation may cause eye damage. Injuries include burns 
to the cornea and retina, destruction of the macula or 
optic nerve, and cataract formation. Protective eyewear is 
designed to filter out the radiation produced by a specific 
type of laser while still permitting vision. For example, 
clear plastic lenses block the far-infrared (10.6 μm) radia-
tion from carbon dioxide lasers but provide no protection 
against the near-infrared (1060 nm) radiation emitted 
by Nd:YAG lasers. The type of protection provided by a 
given filter is marked on the frame of the goggles and 
should be checked before use. Filters that are scratched 
should not be used. Because certain filters block portions 
of the visible spectrum, it is prudent to confirm preopera-
tively that patient monitors can be seen and interpreted 
correctly with goggles in place. Protective eyewear is rec-
ommended for all personnel because reflected radiation 
can be as hazardous as direct radiation, and the intensity 
is not diminished significantly in the distances traveled 
in the average operating room.38

Until recently, the plume (i.e., the vapor and cellular 
debris produced during laser surgery) was not considered 
to be harmful. Now, concern exists that the plume may 
present a significant risk. The median size of particles in 
r 110: Environmental Safety and Chemical Dependency 3235

plume samples obtained intraoperatively is 0.31 μm in 
diameter (range, 0.1 to 0.8 μm). Most surgical masks do 
not trap such small particles.39 Even after filtration of 
particles greater than 0.5 μm in diameter, exhaust smoke 
from tissues treated with a carbon dioxide laser causes 
pulmonary lesions in laboratory animals. If all particles 
larger than 0.1 μm are scavenged, no lung damage occurs, 
thus pointing out the importance of scrupulous removal 
of the plume.40 Under experimental conditions, viable 
bacteria have been recovered from the plume emanating 
from laser irradiation.41 Intact DNA from human papillo-
mavirus (HPV) has been detected in the vapor from both 
laser-treated plantar warts and genital condylomata.42,43 
Human immunodeficiency virus (HIV) proviral DNA has 
been found in laser smoke produced by vaporizing cul-
tures of HIV-positive cells. Although these experiments, 
which used tissue cultures, do not replicate the clinical 
situation, they stress the importance of strict attention to 
smoke removal.44 With adequate evacuation and filtra-
tion using equipment specifically designed to scavenge 
such vapors, it is unlikely that operating room person-
nel will be contaminated by laser-dispersed HPV DNA.42 
However, one case report documented the appearance of 
laryngeal papillomas in a surgeon who had previously 
treated (with a laser and without the benefit of a laser 
smoke evacuator) several patients infected with anal con-
dylomata. Tissue from the surgeon’s laryngeal tumors 
contained HPV DNA types 6 and 11, the same viral types 
that are commonly harbored by anogenital condylomata. 
Although not conclusive, these findings suggest that the 
laryngeal papillomas may have been caused by inhaled 
virus particles.45 Hence, all vaporized debris should be 
scavenged.

INFECTIONS

Hepatitis B virus (HBV), hepatitis C virus (HCV), and HIV 
are the most concerning bloodborne pathogens for which 
health care workers are at risk. Of 493 anesthesia person-
nel surveyed in a multicenter study, 32% reported hav-
ing been stuck with a contaminated needle at least once 
in the preceding 12 months. Of those, only half sought 
treatment.46 The risk of infection is more frequent with 
hollow-bore needles than with solid needles and is further 
increased with large-bore needles and deep intramuscular 
injection.47 In a study evaluating percutaneous injuries 
(PCIs) in anesthesia personnel, nearly 90% of the inju-
ries were from hollow-bore needles, were self-inflicted, 
most commonly involved the nondominant hand, and 
were deemed preventable. Most of the injuries occurred 
during disposal of contaminated needles.48 Mycobacte-
rium tuberculosis (the agent of tuberculosis [TB)], which is 
transmitted primarily by respiratory droplets, represents 
a significant source of occupational risk, and routine 
screening measures are frequently employed.

HEPATITIS B

In the 1980s, it was estimated that 200 to 300 health 
care workers would die annually from the effects of HBV. 
Fortunately, the introduction of an effective vaccine for 
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hepatitis B dramatically decreased the incidence, morbid-
ity, and mortality of the disease.49 Before this, the devel-
opment of covert seropositivity for HBV during residency 
was common. In a multicenter study, the overall preva-
lence of serologic indicators for HBV in anesthesiology 
residents who had received neither hepatitis vaccine 
nor hepatitis B immune globulin (HBIG) was 17.8% in 
267 tested. Most seropositive residents were unaware of 
having been exposed to HBV. No correlation was found 
between the incidence and geographic location, but the 
incidence of seropositivity increased in parallel with 
clinical experience. Thirty percent of residents with more 
than 11 total years of experience, including their current 
residency and previous work in other specialties, were 
seropositive for HBV.50

An estimated 800,000 to 1.4 million people in the 
United States have HBV infection, most of whom are 
unaware of their infected status.51 Although the inci-
dence of seroconversion after parenteral inoculation with 
HBV can be as high as 40%, the rate of conversion is pro-
portional to the infectivity of the host and the magnitude 
of contact with the blood.52 HBV is hardy; neither treat-
ment at 60° C for 4 hours nor the use of disinfectants con-
taining phenol or chlorine is sufficient to inactivate the 
HBV particle with certainty, and it remains viable on nee-
dles, environmental surfaces, and gloves for longer than 
14 days.53 Because gloves do not guarantee protection 
from accidental needlestick and because HBV is relatively 
resistant, accidental contact with live virus may occur in 
the course of patient management and also during clean-
ing of equipment. Active immunization of seronegative 
health care workers with hepatitis B vaccine is imperative 
for prophylaxis against infection. Since the late 1980s, 
the vaccine has been synthesized in yeast by the use of 
recombinant DNA, thus eliminating prior concerns about 
the potential infectivity of vaccines synthesized from 
the sera of hepatitis B surface antigen (HBsAg)–positive 
patients.54 The current OSHA standard on bloodborne 
pathogens mandates that employers make vaccination 
against HBV available at no cost to all employees who 
have a reasonable chance of exposure to the virus.55 
Unvaccinated anesthesiologists who suspect HBV expo-
sure with an HBsAg-positive source should be passively 
immunized with HBIG and begin a series of three injec-
tions of hepatitis B vaccine.49 The combination of HBIG 
and HBV vaccine prophylaxis is believed to be 85% to 
90% effective, whereas either treatment alone is 70% to 
75% effective.56

HEPATITIS C

Like HBV, HCV is transmitted principally by infected 
blood. Fortunately, the incidence of HCV in stored 
bank blood has dramatically decreased (see Chapter 
61). Using the anti-HCV assay, some investigators have 
reported only a 1% to 2% incidence of antibody to HCV 
in health care workers (similar to that seen in volun-
teer donors), a finding suggesting that HCV is not easily 
transmitted.57,58 Reports based on the same assay indi-
cate that transmission of HCV by contaminated needles 
occurs in less than 4% of these injuries.59 At present, 
no effective postexposure treatment is available for HCV 
exposure. Instead, the recommendations for postexpo-
sure management are geared toward early recognition 
and intervention in chronic disease. Serum immune 
globulin prophylaxis is of little value because anti-HCV 
antibodies are not consistently found in production 
lots of immune globulin.52 Health care workers who 
are exposed to HCV should undergo baseline testing for 
anti-HCV and alanine aminotransferase activity as soon 
as possible after the injury, with follow-up testing 3 and 
6 months after exposure.56

HUMAN IMMUNODEFICIENCY VIRUS

HIV is a retrovirus that attaches to cells with CD4+ sur-
face antigen (predominantly helper T lymphocytes) and 
ultimately replicates by integrating virally produced DNA 
into the nucleus of the host cell.47 Fortunately, HIV is a 
relatively fragile virus, and with proper attention to clean-
liness and care in performing invasive procedures, the 
likelihood that the disease will develop in an anesthesiolo-
gist during the course of patient management is very low.

Initial infection with HIV follows within 2 to 10 weeks 
of inoculation. It is usually a self-limited, nonspecific, 
febrile viral syndrome lasting 1 or 2 weeks. An indi-
vidual is considered to be both infected with HIV and 
infective if the results of both a serologic screening test, 
the enzyme-linked immunosorbent assay (ELISA), and a 
supplemental, more sensitive test, either Western blot or 
indirect fluorescent antibody, are positive. ELISA tests are 
relatively easy to perform in a clinical laboratory but may 
be subject to false-positive results. Supplemental tests are 
time consuming but necessary for confirmation. Results 
of the tests become positive within weeks of inoculation, 
but the median latency for the first opportunistic disease 
may be as long as 11 years.47

Although occupationally related infections have been 
reported, most cases have been attributed to nonvoca-
tional contact.60 According to data published in 2001 
by the CDC, 56 probable cases and 138 possible cases of 
occupationally acquired HIV infection had been reported 
in the United States.56 Of these, 48 resulted from per-
cutaneous exposure. Of 1746 reported cases of acquired 
immunodeficiency syndrome (AIDS) in physicians, only 
6 were directly linked to occupational exposure. Injury 
from a needle is the most likely route of occupationally 
related HIV infection for anesthesiologists. Although the 
minimal dose of contaminated blood needed to infect 
humans is unknown, the likelihood of development of 
antibodies to HIV is related to the volume of the inoc-
ulum and the concentration of viral particles.49 Conse-
quently, most seroconversions have been associated with 
deep intramuscular injection of contaminated blood 
through large-bore needles. The theoretic risk for occu-
pational infection in anesthesiologists over a 30-year 
exposure period has been calculated to be 0.049% for HIV 
and 0.45% for HCV, depending on the infectivity of the 
patient population.61

The risk of transmission of HIV from health care 
workers to patients, with the exception of errors in tech-
nique, is extremely small. No infections were identified 
in more than 19,000 patients who had been treated by 
57 infected health care workers, including 29 dentists, 
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12 surgeons, and 16 physicians in nonsurgical special-
ties. The only documented infections have been in 6 
of 1100 patients treated by a dentist in Florida.62 With 
proper attention to routine methods of disinfection, 
sterilization, and housekeeping, HIV on instruments, 
surfaces, and laundry can be destroyed. The amount 
of HIV usually found on contaminated surgical instru-
ments and equipment used in anesthetic management 
can be killed with “high-level disinfection.” Such disin-
fection involves careful cleaning, followed by exposure 
either to one of the commercially available germicides 
or to a 1:10 to 1:100 dilution of sodium hypochlorite 
(household bleach). These methods annihilate bacte-
ria and viruses but may not be effective against bacte-
rial spores. If the instruments are to be sterilized, they 
should be thoroughly cleaned first. Contaminated hos-
pital linen should not be washed or rinsed in the operat-
ing room or another patient care area; instead, it should 
be placed directly in sealed, water-impenetrable bags. It 
can safely be laundered by normal methods. Infective 
waste, including secretions, blood, and other body flu-
ids, should be incinerated or autoclaved. Alternatively, 
large volumes of fluids may be discarded in a sanitary 
sewer.63 Personal protection and protection of patients 
are afforded by standard precautions.

PREVENTION OF OCCUPATIONAL EXPOSURE 
TO BLOODBORNE INFECTIONS

In 1992, OSHA issued comprehensive, enforceable stan-
dards designed to minimize occupational exposure 
to bloodborne pathogens. These standards hold the 
employer responsible for the maintenance of an exposure 
control plan that protects all health care workers who 
have potential for contact with blood or blood products. 
Protective equipment, including gloves, gowns, and eye 
shields, must be supplied by the employer at no cost to 
the employee. The standard also provides for hand-wash-
ing facilities, proper receptacles for contaminated mate-
rials, methods for handling contaminated laundry, and 
management of waste, among many other things.55

Despite the adoption of standard precautions, con-
taminated needlestick injuries in health care workers 
persisted at an unacceptable rate. In 2000, the CDC esti-
mated that more than 380,000 contaminated PCIs occur 
in hospital workers in the United States on an annual 
basis.64 As a result, Congress revised the bloodborne 
pathogen standard to include the Needlestick Safety and 
Prevention Act (H.R. S178).65 This act emphasizes the use 
of safety devices and needle-free systems, in addition to 
requiring that employers establish an exposure control 
plan with records documenting each incident. Since the 
act was signed into law in November 2000, as part of a 
comprehensive program to prevent the transmission of 
bloodborne pathogens in health care workers, NIOSH has 
called for the elimination of needle devices when “safe 
and effective alternatives are available.” This recommen-
dation was based on accumulating evidence in the 1990s 
showing that devices with safety features could reduce 
needlestick injuries.66

The risk of contaminated PCI correlates with medical 
specialty and clinical experience. The Duke Health and 
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Safety Surveillance System tracked blood and body fluid 
exposures among 24,425 health care workers over a 4-year 
period ending in 2002. The investigators reported an aver-
age rate of 3.9 PCIs per 100 full-time equivalents (FTEs), 
with higher rates among persons employed for less than 
4 years. Anesthesia house staff members reported among 
the highest rates, at 19.1 PCIs per 100 FTE.67 Extended 
work hours were implicated as a major causative factor 
in a study of PCIs in interns. In this study, 498 PCIs were 
reported from a total of 17,003 monthly surveys. Whereas 
lapse in concentration (64%) and fatigue (34%) were the 
2 most commonly reported contributing factors, PCIs 
were significantly more frequent during extended work 
hours and at night.68

Not all PCIs are associated with disease transmission. 
Rates of transmission of HCV and HIV are quite low 
(0.5%69 and 0.3%, respectively),69-71 but depend on the 
type of exposure (e.g., hollow-bore, vascular access nee-
dles, depth of penetration) and source factors (e.g., viral 
load). Rates of transmission of HBV are 30% in health care 
workers without adequate vaccination or PEP.69 Because 
most occupational exposures do not result in HIV trans-
mission, the guidelines for PEP weigh the relative risk of 
infection against the potential toxicity of treatment. The 
relative risk of infection depends on both the type and 
amount of blood exposure. The risk of transmission is 
increased by (1) percutaneous exposure, (2) devices con-
taminated with visible blood, (3) hollow-bore needles, 
and (4) high viral titer (i.e., a patient late in the course of 
the disease). In general, health care workers encountering 
needlestick injuries should be given HBIG, the hepatitis 
B vaccine, or both, unless they have already been vac-
cinated, and antiretrovirals for HIV should be consid-
ered in consultation with experienced clinicians. In the 
event of an exposure to blood or body fluid, health care 
workers should immediately contact their on-site occu-
pational health department and the National Clinicians’ 
Post-Exposure Prophylaxis Hotline (PEPline) at 1-888-
448-4911 for expert advice. This hotline can be accessed 
24 hours a day, and it offers advice on evaluating the risk 
of disease transmission and initiation of PEP. In addition, 
updated guidelines for the management of occupational 
exposures to bloodborne pathogens are available on the 
CDC website at http://www.cdc.gov/mmwr/preview/mm
wrhtml/rr5011a1.htm.56

Evaluation for PEP and baseline HIV testing should be 
completed within hours of exposure. Prophylaxis should 
begin as soon as possible because animal studies show 
that prophylaxis is less effective if begun more than 24 to 
36 hours after exposure. Because the time to no benefit in 
humans is unclear, the U.S. Public Health Service advises 
beginning prophylaxis up to 1 week after exposure. Four 
weeks of treatment is recommended if tolerated. Regard-
less of whether PEP is initiated, follow-up should include 
counseling and HIV antibody testing at 6 and 12 weeks 
and again at 6 months after exposure.72

Data on the efficacy of PEP in health care workers are 
insufficient, primarily because seroconversion from occu-
pational exposure in health care workers is rare. A single 
retrospective study of HIV PEP with zidovudine in health 
care professionals after PCI showed a risk reduction of 
81% (95% CI, 45% to 94%).73

http://www.cdc.gov/mmwr/preview/mmwrhtml/rr5011a1.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/rr5011a1.htm
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TUBERCULOSIS

TB, the leading cause of death in the early twentieth cen-
tury, appeared to be steadily decreasing in incidence with 
the advent of streptomycin in 1946, isoniazid in 1952, 
and rifampin in 1970. However, in 1985, the incidence in 
the United States began to increase significantly. Between 
then and 1990, reported cases increased by 16%, with a 
10% increase in 1990 alone. This increase was the largest 
since national reporting began in 1953.74 Most cases were 
from reactivation of old infection in immigrants or in 
patients whose immune system had been compromised, 
and many cases involved multidrug-resistant strains of 
M. tuberculosis. Epidemic transmission between hospital-
ized patients and from patients to health care workers 
also occurred.75,76 Common to most of these cases was a 
low index of suspicion for TB, which was occasionally not 
confirmed before postmortem examination.77

In response to the resurgence of TB in the United States 
in the mid-1980s, the CDC published new guidelines for 
the prevention of transmission of TB in 1990. These guide-
lines were revised throughout the decade, first in 1992 and 
again in 1994. The 1992 guidelines targeted the prevention 
of TB transmission in the hospital setting, and the 1994 
guidelines added recommendations for the management 
of multidrug-resistant TB. The guidelines, most recently 
updated in 2005, include a comprehensive program for 
the prevention of multidrug-resistant TB in health care 
facilities.78 The program places the responsibility for man-
aging prevention of TB on individual health care facilities, 
rather than requiring identical standards for all hospitals. 
Paramount are the following: identification and treatment 
of patients with TB; development of engineering controls, 
including isolation rooms, filters, and ventilation; use of 
personal protective equipment; and implementation of 
educational programs for health care workers.

Since the implementation of CDC guidelines in the 
1990s, the number of new cases of TB has steadily declined 
such that the number of cases now being reported is the 
lowest since 1953, the first year of reporting in the United 
States.

In 2010, the overall incidence of TB in the United 
States was 4 cases per 100,000 population.79 This was less 
than the 8 per 100,000 reported in 1996. Despite this gen-
eral decline, a marked geographic variation in incidence 
remained. In 2011, the highest incidence was found in 
Alaska (9.3 per 100,000), followed by California (6 per 
100,000), and New York (4.7 per 100,000).80 The lowest 
rate of infection was documented in Wyoming (0.7 per 
100,000). The risk to health care workers probably cor-
relates with the region in which they practice.

The goal of the CDC was to decrease the rate of TB 
infection in the United States to less than 1 per million 
by 2010.78 To this end, the scope of the current recom-
mendations were significantly broadened to include 
health care “settings.” The term health care settings in 
this document encompasses all facilities in which health 
care is delivered, including clinics, correctional facilities, 
and so on.78

TB spreads by small (1- to 5-μm), airborne droplets 
released when a person with pulmonary or laryngeal 
TB speaks, coughs, sneezes, or sings. The probability of 
transmission is directly related to the concentration 
of infectious droplets (up to 600,000 droplets may be 
expelled with each cough) and the duration of expo-
sure. Droplets can travel up to 3 feet from the source and 
remain viable and airborne for several days.74 Not surpris-
ingly, endotracheal intubation is second only to bron-
choscopy as a risk for skin test conversion in health care 
workers. In healthy persons who have inhaled contami-
nated droplets, the resulting systemic infection is usually 
limited by the immune system within 2 to 10 weeks. In 
these individuals, the lifetime risk of developing active 
TB after infection is approximately 10%. The likelihood 
is more frequent in patients with HIV, who have a 7% to 
10% risk of converting per year.78

The commonly used tuberculin skin test (purified 
protein derivative) provides a qualitative measure of TB 
infection. A newer quantitative test for TB is now avail-
able, but it requires a blood sample. This test can identify 
infection with atypical organisms.78 All health care work-
ers at high risk for exposure to TB should be skin tested 
at the time of employment. Those whose test results are 
negative should be retested annually. A positive test in a 
person who has not tested positive in the past suggests a 
new infection. A two-step test is recommended in anyone 
who tests negative more than a year after TB exposure or 
previous tuberculin testing. This is because latent infec-
tion can produce false-negative results from waning over 
time of the delayed-type hypersensitivity response. The 
first test will “boost” the response, leading to a positive 
result. The second test, performed 1 to 3 weeks after the 
first, increases the negative predictive value of the test.

A newly positive skin test requires exclusion of active 
disease by chest radiograph and clinical evaluation. If 
TB is diagnosed, treatment according to recommended 
guidelines should begin immediately. Disease report-
ing laws generally require notification of local or state 
health departments within 24 hours. If active disease is 
excluded, drug therapy for latent TB infection should be 
considered, in consultation with occupational health and 
infectious disease physicians, given the documented liver 
toxicity of common drug regimens.

Asymptomatic conversion does not preclude the anes-
thesiologist from working.

OSHA standards to prevent airborne contamination 
include both environmental controls and respiratory 
protection. Environmental controls include engineering 
measures to manage exhaust ventilation and general ven-
tilation. Examples are air exchange rates, high-efficiency 
particulate air (HEPA) filtration, and ultraviolet germicidal 
irradiation (UVGI; irradiation of the air in the upper por-
tion of a room, or within ducts and recirculating units). 
Respiratory protection requires masks with the ability to 
filter particles smaller than 1 μm with a filter efficiency of 
95%, at inspiratory flow rates up to 50 L/minute. If these 
masks are worn properly, even with strenuous activity in 
the work setting, less than 5% of infectious particles will 
escape filtration. These masks are typically referred to as 
N95 masks. Essential to proper mask function are tight 
mask fit, so as not to allow entrained air with inspira-
tion, and a clean filter. To this end, the NIOSH requires 
the annual oversight of mask fit and maintenance by the 
employer.
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NOVEL INFECTIOUS AGENTS

Occasionally, novel infectious agents come to the fore 

and create anxiety among populations and health care 
workers. Examples include the prion disease Creutzfeldt-
Jakob disease (CJD), coronavirus infections such as severe 
acute respiratory syndrome (SARS-CoV) and a potential 
new Middle East SARS (MERS-CoV), and the H1N1 influ-
enza outbreak of 2009. In the presence of such outbreaks, 
medical centers must have plans and procedures in place 
to contain infectious agents and protect workers from 
infection.

In the context of occupational exposure, perhaps 
the least infectious of these novel agents are prions. 
Transmission of prion disease such as CJD is thought to 
occur as a result of eating meat from animals that suf-
fered from prion disease, or of receiving contaminated 
implants such as corneal or dural tissue, or from expo-
sure to cadaveric pituitary hormone supplementation, 
all of which are highly unlikely in the occupational set-
ting. It is controversial whether prions can be transmit-
ted in the donor blood pool, but no such transmission 
has ever been reported, even though anesthesiologists are 
frequent handlers of donor blood products. Similarly, the 
CDC reported in 2007 that no reports of casual or occu-
pational transmissions through airborne or droplet routes 
had been submitted,81 and standard precautions are rec-
ommended for the care of patients with prion diseases.

Patients with respiratory viruses present a significant 
risk of occupational exposure to the anesthesiologist.

The SARS-CoV epidemic of 2003 is a great example 
of the potential impact of programs directed at contain-
ment and occupational safety. In Toronto, 77% of the 
patients in the first phase of the outbreak were infected in 
the hospital setting, and half of all SARS cases in Toronto 
were in health care workers.82 The large number of health 
care workers who contracted SARS-CoV demonstrates 
the importance of early detection and infection control 
in halting the spread of disease. Although SARS-CoV 
has not been diagnosed since 2004, concerns generated 
by the outbreak apply to other infectious respiratory ill-
nesses such as seasonal and nonseasonal (H1N1 epidemic 
of 2009) influenza, and a more recently discovered SARS-
CoV–like virus.83,84 For example, MERS-CoV was docu-
mented to have been transmitted from patients to health 
care workers,85 and it has an overall case fatality rate of 
more than 50%.

Although it is too soon to determine how severe an 
epidemic MERS-CoV may become, and even though advi-
sory groups such as the CDC have yet to issue recom-
mendations, other respiratory viral epidemics may likely 
occur in the future, and lessons learned from previous 
epidemics may serve us well in the containment of these 
agents (Table 110-2).

FATIGUE

The impact of fatigue on patient safety has come to the 
forefront in recent decades (see also Chapter 7). Well-
defined periods of vulnerability to sleep have been iden-
tified in humans. The major peak occurs between 2 am 
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and 7 am, and a smaller peak occurs in the midafter-
noon.86 These peaks appear to be enhanced by irregular 
work schedules and sleep disruption, and they may also 
contribute to diurnal variation in the frequency of mis-
haps (e.g., single-occupant motor vehicle accidents and 
catastrophic industrial accidents; the nuclear reactor acci-
dents at Three Mile Island, Chernobyl, and two other sites 
in the United States all began between 1 am and 5 am). 
In 1990, an anonymous survey of anesthesia providers 
revealed that many respondents participated in clinical 
work for hours beyond their perceived limitations. Most 
respondents reported making errors in patient care that 
they attributed to fatigue.87

Last updated in 1988, the Committee on Catastrophes, 
Sleep, and Public Policy of the Association of Professional 
Sleep Societies made the following recommendations:

 1.  Management should be made aware that performance 
errors are more common between 1 am and 8 am.

 2.  Programs should be developed to identify signs of 
sleep-related error.

 3.  Because inadequate sleep or irregular sleep patterns 
enhance the tendency for error, work hours should be 
limited to permit adequate sleep.88

  

Although it is difficult to single out fatigue as a cause 
of increased patient morbidity and mortality, increased 
rates of anesthetic complications for cases started late in 
the day and during “off-hours” have been reported.88-90 
In one study,90 most of these complications were related 
to postoperative nausea and lapses in effective pain man-
agement. More compelling data from a Veterans Affairs 
(VA) study of nonemergency surgical procedures did, 
however, show an impact on mortality for cases starting 
after 4 pm.91 Being on call every third or fourth night has 
a negative impact on the cognitive function of univer-
sity house staff on standardized tests.92 However, when 
patient simulation was used to study the effects of sleep 
deprivation on the psychomotor and clinical perfor-
mance of anesthesia residents, psychomotor performance 
and mood were found to suffer, whereas clinical perfor-
mance did not,93 a finding that has also been published 
in the surgical literature94,95 (see also Chapter 8).

TABLE 110-2 LESSONS LEARNED FROM PREVIOUS 
RESPIRATORY VIRUS OUTBREAKS 

Systems Individuals

Anticipate future outbreaks Droplet and contact 
precautions

Develop staff and plans for 
dealing with mass exposure

Eye protection
Staying home with fever or 

cough
Adequate isolation equipment Compliance with vaccination 

programs
Use of simulation to test 

facility’s readiness
Active surveillance
Data collection and reporting

From Centers for Disease Control and Prevention: Severe acute respiratory 
syndrome, supplement C: preparedness and response in healthcare  
facilities, 2004. <http://www.cdc.gov/sars/guidance/C-healthcare/ 
index.html> (Accessed 09.12.13.)

http://www.cdc.gov/sars/guidance/C-healthcare/index.html
http://www.cdc.gov/sars/guidance/C-healthcare/index.html
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Fatigue does affect clinical outcome. For instance, resi-
dent physicians made fewer medication errors after their 
work hours were adjusted to minimize sleep deprivation 
and fatigue. This study, in a university-affiliated VA, also 
demonstrated a decrease in the length of patient stay and 
the number of laboratory tests ordered.96 In another sur-
vey of 225 physicians, 48.8% blamed tiredness and 19.5% 
blamed the pressure of overwork to be a significant cause 
of clinical mistakes and suboptimal patient care.97

To reduce the presumed effect of fatigue on medical 
care provided by trainees, the Accreditation Council for 
Graduate Medical Education in 2011 updated standards 
for house staff duty hours, as summarized in Box 110-1.98

The validity of resident work hour restrictions would 
be difficult to overcome, even in the presence of conflict-
ing data. Residents’ hours of sleep and cognitive perfor-
mance generally improve with restricted work hours. In 
contrast, consistently improved patient outcomes remain 
elusive, and the effect on attending physicians’ working 
conditions and professional satisfaction are generally det-
rimental.99 In favor of work hour restrictions, companion 
papers in the New England Journal of Medicine documented 
both fewer attentional failures (when intern work hours 
were reduced from 80 to 60 hours per week) and medical 
errors (when interns’ shifts were reduced to, at most, 16 
hours).100,101 However, both studies were small in scope, 
and duty hour changes were limited to interns, whereas 
more senior residents continued to work longer shifts.99 In 
an effort to determine the effect of work hour regulations 
on clinical outcome, two large-scale nationwide multi-
center studies measured patient mortality within 30 days 
of hospital admission both 2 years before and after the 
rules went into effect in July of 2003.102,103 These inves-
tigators compared death rates between hospitals with a 
large number of residents (thought to be most affected 
by the rule change) and those hospital with few resi-
dents. Although no differences in mortality were identi-
fied after the regulations went into effect among millions 
of Medicare recipients in both more and less teaching-
intensive hospitals, a smaller scale VA study did suggest 

 •  Residents at all levels are permitted to work no more than 80 
hours per week, averaged over 4 weeks.

 •  PGY1 residents are permitted to work no more than 16 con-
secutive hours in house.

 •  Residents beyond PGY1 are permitted to work no more than 
24 consecutive hours in house, with an allowance of 4 hours 
for care hand-off or, in rare circumstances, for continued duty 
in the service of a single patient, provided doing so fulfills a 
unique educational or humanistic role.

 •  Moonlighting is not allowed by PGY1 residents, and, for more 
senior residents, hours spent moonlighting count toward the 
80-hour week.

 •  Residents should have 10 hours (and must have 8 hours) 
between assigned shifts. If post call, there must be 14 hours 
between assigned shifts.

 •  Residents must have 1 day in seven completely free of clinical 
duties, including home call, averaged over 4 weeks.

BOX 110-1 Summary of Resident Work Hour 
Restrictions

PGY1, Postgraduate year 1.
an improvement in patient outcome in a subset of medi-
cal patients. Perhaps the effect of fatigue could be miti-
gated without changes in work hours; a study in surgical 
residents showed improvements in memory, planning, 
impulsiveness, and attention, but not psychomotor per-
formance, when fatigued residents were given modafinil, 
a central nervous system stimulant, compared with pla-
cebo. How pharmacologic augmentation of resident per-
formance would be viewed by educators, policy makers, 
patients, and residents themselves remains to be seen.

It is likely that a fatigued physician who knows a 
patient well and a rested physician who knows the patient 
only through a hand-off both have the potential to com-
mit errors; it remains unstudied which will err more. 
Patient outcomes depend on a delicate balance between 
discontinuity of care and the effects of fatigue on medical 
judgment.104-106

Stress in the workplace continues beyond the residency 
years. In a study conducted in the United Kingdom, the 
most significant source of stress for those beyond their 
training years was lack of control of circumstances at 
work.107 Specific causes included professional relation-
ships (especially with surgeons), work overload, threats 
of litigation, peer review, and increasing administrative 
responsibilities. A subsequent survey of retired members 
of the ASA identified similar stressors. Difficult anesthetic 
cases, the threat of professional liability, and the stress of 
night call were all considered significant causes of stress.107

Perhaps more than any other medical specialty, the 
practice of anesthesia requires uninterrupted vigilance 
with immediate reaction to life-threatening situations. An 
inappropriate response can prove to be acutely fatal to an 
otherwise healthy patient. Does the day-to-day practice 
of anesthesia produce episodes of significant physiologic 
stress in the practitioner? Evidence for this hypothesis is 
lacking. In an investigation of 38 anesthesiologists over 
the course of 203 anesthetic courses, clinically significant 
changes in physiologic stress did not occur, as measured 
by changes in heart rate, blood pressure, and cortisol lev-
els.108 Although management of stress is rarely addressed 
in medical school or in continuing medical education 
seminars for anesthesiologists, it should be. Stress is a uni-
versal phenomenon to which no one is immune. Vital 
to our interactions with others is the ability to recognize 
stressed behavior, not only in other people but also in 
ourselves. Healthy means of coping with stress include an 
ability to communicate, appropriate assertiveness, inter-
active management of conflicts, adequate time with fam-
ily, and time for recreational pastimes totally unrelated to 
professional activities.109

SUBSTANCE ABUSE

The abuse potential of the psychotropic drugs used in 
the practice of anesthesia is well documented. Potent 
psychoactive drugs are readily available and familiar to 
anesthesiologists in the course of their daily practice. 
Even inhaled drugs pose an abuse potential to health 
care workers with easy access to these agents; Zacny 
and Galinkin reported a case of an Air Force pharmacist 
court-marshaled during the 1991 Gulf War for abusing 
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isoflurane,110 and a fatality from sevoflurane abuse has 
been reported.111 No doubt, familiarity and availability 
contribute to the increase in propofol abuse by anesthe-
sia residents since 2000.112,113

Scientific evidence increasingly indicates that addic-
tion is a chronic, relapsing disease resulting from the 
long-term effects of drugs on the brain.114 Acceptance 
of this fact is crucial for those dealing with chemically 
dependent physicians. This section provides information 
about chemical dependence in anesthesiologists and the 
steps required to help a colleague or yourself.

EPIDEMIOLOGY

The prevalence of substance abuse among graduated 
physicians,115,116 interns and residents,117-119 and medi-
cal students120 has been studied. A national survey pub-
lished in 1992 reported a 2.1% annual and a 7.9% lifetime 
prevalence of substance abuse among physicians. This 
rate was substantially lower than the corresponding rate 
of 16% reported for the general population These results 
cast suspicion on the myth that physicians are more 
likely to become substance addicted than the popula-
tion in general.118 A more recent review suggested that 
the actual prevalence may be unknown because of vari-
ances in case reporting habits and that prevalence may 
be at least as high as in the general public.121 Although 
physicians are less likely to use cigarettes and illicit sub-
stances such as marijuana, cocaine, and heroin, they are 
five times as likely to take sedatives and minor tranquiliz-
ers without medical supervision.122 This tendency to self-
prescribe begins in medical school with tranquilizers and 
continues in residency with benzodiazepines and pre-
scription opioids. Alcohol abuse is of particular concern 
in physicians, and although heavy alcohol use is lower 
in young physicians than in matched controls, the inci-
dence increases with age in the physician population and 
decreases with age in the general population. By the age 
of 50 to 55 years, extensive use of alcohol in physicians 
surpasses that of the general population.123

A commonly repeated perception is that anesthesi-
ologists are more likely than other physicians to engage 
in substance abuse. Three retrospective surveys suggest 
that the prevalence of drug abuse in anesthesiologists 
ranges from 1% to 2%.124-126 These published percent-
ages rely on the recall of directors of U.S. anesthesiology 
programs and the honesty of individual anesthesiolo-
gists responding to questionnaires. Nevertheless, the 
estimates from these surveys are remarkably similar. 
Furthermore, the prevalence is similar to that seen in 
published studies of anesthesia trainees in Australia 
and New Zealand,127 as well as in newer estimates from 
the United States.128 In 1993, approximately 2% of U.S. 
anesthesia residents became addicted to a substance 
during their residency.129

When comparing the published incidence of substance 
abuse in physicians as a whole with that of anesthesi-
ologists, both graduated and resident anesthesiologists 
are consistently overrepresented in drug treatment cen-
ters.130 Although anesthesiologists account for 12% to 
14% of physicians treated in three well-known treat-
ment programs, they constitute only 4% of physicians 
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in the United States.129,131,132 This threefold overrepre-
sentation of anesthesiologists in drug treatment centers 
is relatively consistent across state lines and over time. 
For example, data from the California Physicians Diver-
sion Program have anesthesiologists accounting for 17% 
of physicians in treatment and 5% of physicians in prac-
tice.133 Although these statistics imply that the incidence 
of chemical dependence is significantly higher among 
anesthesiologists, these data may instead be a reflection 
of the potency of the drugs abused, the ability of anes-
thesiologists to recognize the disease in their colleagues, 
and the diligence within the specialty to refer colleagues 
for treatment.

Reports from state-run impaired physician treatment 
programs that began in the 1980s132-135 suggested that 
although all the anesthesiologists were chemically depen-
dent, at least 10% of the other physicians had other forms 
of impairment, such as depression.131,133,136 Nearly 50% of 
anesthesiologists were less than 35 years old, and one third 
were residents. Half used both drugs and alcohol, 40% 
used drugs alone, and a minority used only alcohol. Fen-
tanyl was the most commonly abused narcotic, followed 
by sufentanil, meperidine, morphine, and oral drugs.

Sadly, loss of life may be the first indication that a 
physician is abusing drugs. These deaths could alter the 
frequency numbers when comparing younger and older 
physicians. For example, young physicians who die will 
obviously not become older drug abusers. Numerous 
studies have examined the mortality risk of physicians in 
general,137,138 and of anesthesiologists specifically,139-141 
as opposed to the mortality risk of the general population. 
The death rate from all causes is lower among physicians 
than the public in general. This difference is attributed 
to lifestyle awareness among physicians that results in 
decreased rates of destructive behavior such as smok-
ing. The higher socioeconomic status of physicians and 
greater access to health care may also contribute to this 
advantage. Although the mortality risk for anesthesiolo-
gists is no higher than that for other medical specialties, 
anesthesiologists’ risk of drug-related death and suicide is 
alarmingly high. Studies have shown a twofold increase 
in suicide among U.S. white male anesthesiologists140 and 
British (mostly female) anesthetists when compared with 
appropriate population controls.138 A more recent study 
in the United States reported the relative risk of suicide in 
anesthesiologists to be 1.45 when compared with inter-
nists. The relative risk of a drug-related death was even 
higher, at 2.79.141 All these studies identify drug-related 
death as a significant occupational hazard in the practice 
of anesthesia.

ETIOLOGY

Occupational stressors first surface in residency, during 
which long hours preclude much time for relaxation, and 
certain patients may evoke negative emotions. The death 
of a patient under one’s care may cause a sense of profes-
sional inadequacy to surface for the first time.135 Without 
doubt, the practice of medicine can be stressful, but is 
that stress a major cause of drug addiction among phy-
sicians? Contrary to common belief, stress is not neces-
sarily the precipitating factor in a physician’s addiction 
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to drugs. Preexisting personality traits, a family his-
tory of substance abuse, and previous recreational drug 
use have been associated with substance abuse among 
physicians.123,142

Availability
Patterns of abuse differ by specialty and are influenced by 
familiarity and availability. Psychiatrists most frequently 
abuse oral benzodiazepines, whereas anesthesiologists 
preferentially abuse potent opioids. Anesthesiologists are 
unique among physicians in that they administer drugs 
directly rather than order their administration by oth-
ers. Drugs are immediately available, and this may be the 
most important cause of addiction in the specialty. One 
report indicated that 85% of anesthesiology residents 
who were treated for substance abuse in one large pro-
gram stated that the ready availability of drugs influenced 
their choice of specialty.136 Since the late 1990s, anes-
thesia departments have introduced measures to moni-
tor the use of controlled substances by staff and resident 
physicians closely.

Nonetheless, an increased level of accountability of 
controlled substances in U.S. residency programs has 
thus far not correlated with a decreased incidence of 
drug dependence.143 Although one program published 
their experience with random mandatory drug testing 
as a proof of concept, more work is required to demon-
strate the effectiveness of prevention.144 In a 2002 survey 
of 123 academic anesthesia departments, measures were 
introduced to regulate the use of controlled substances 
including changes in drug dispensing, disposing, and 
accountability. The study covered a span of 7 years, dur-
ing which time drug dispensing was shifted from nurses 
to satellite pharmacies (42%) or dispensing machines 
(31%). Opened, but unused drugs were either returned to 
the pharmacy (52%) or were wasted in front of a witness 
(41%), and the amount of drug administered was com-
pared with the amount dispensed (80%). Despite these 
changes in drug dispensing and accountability, the inci-
dence of drug abuse did not decrease.128

In the future, the direct monitoring of atypical drug 
transactions from automated dispensing systems may more 
accurately identify drug diversion.145,146 In addition, the 
linkage of anesthesia information management systems 
with medication dispensing systems has been proposed as 
a means to detect medication discrepancies accurately, but 
these systems have yet to be fully realized.147

Drug Potency
Abuse of drugs by physicians is much more common than 
addiction. Casual abuse of alcohol probably does not 
always lead to addiction, and although exceedingly risky, 
neither does abuse of less potent opioids such as mor-
phine, meperidine, or codeine.116 In contrast, the addic-
tive potential of fentanyl and other potent opioids is so 
great that anyone who experiments with these drugs is at 
enormous risk of becoming chemically dependent.136 The 
time until detection of abuse is inversely proportional 
to the potency of the drug abused. For example, abuse 
of sufentanil is typically detected within the first 1 to 6 
months, whereas the abuse of fentanyl is not detected 
until 6 to 12 months. In contrast, alcohol abuse may not 
be detected for more than 20 years.134 Rapidly developing 
tolerance stimulates the ever-increasing doses needed to 
attain the desired sensation. The use of 50 to 100 mL of 
fentanyl or 10 to 20 mL of sufentanil per day is common 
in an addicted physician. These doses are easily reached 
within a few months for fentanyl and a few weeks for 
sufentanil. The potency of these drugs is reflected in asso-
ciated fatality statistics. Between 1990 and 1997, 18% of 
identified substance abusers in academic departments 
either died or required resuscitation before substance 
abuse was suspected.127 Fentanyl was most often the drug 
of choice.

Other Factors
Chemical dependence is a complex disease influenced by 
multiple factors. A history of experimental use of drugs 
is known to increase the risk of future addiction,116 and 
a genetic predisposition may contribute to the progres-
sion from abuse to addiction. To identify availability and 
potency as the only significant factors in chemical depen-
dence in anesthesiologists risks overlooking other signifi-
cant factors such as previous use of drugs and a family 
history of drug abuse.

MANAGEMENT

Management of physicians who are chemically depen-
dent includes identification, intervention, referral for 
treatment, and help with reentry. Each department 
should have an established mechanism in place to deal 
with impaired physicians. Identification of a chemically 
dependent physician does not usually occur until the 
disease is in its late phases, when performance at work 
becomes significantly impaired. The ASA Task Force on 
Chemical Dependence, last updated in 2002,148 identi-
fied certain characteristics of addicted anesthesiologists 
(Box 110-2).

Although none of the signs and symptoms of chemi-
cal dependency or addiction are diagnostic, an awareness 
of the usual sequence of events may help identify an ill 
colleague in the earlier stages of the disease (Table 110-3).

Normally, withdrawal from outside interests is the first 
sign. Examples include giving up athletics, community 
activities, church, and activities with friends. Next comes 
increased turmoil at home. Domestic arguments, sexual 
problems, and lack of interest in family matters are com-
mon. Third is the appearance of frequent unexplained 

 •  50% are <35 years old
 •  Residents are overrepresented
 •  Many are members of the American Osteopathic Association
 •  76% to 90% abuse opioids as their drugs of choice
 •  33% to 50% are polydrug abusers
 •  33% have a family history of addictive disease
 •  65% are associated with academic departments

BOX 110-2 Summary of Identified 
Characteristics of Addicted Anesthesiologists

Modified from Arnold W, et al: Chemical dependence in anesthesiologists: what 
you need to know when you need to know it, 2002. <http://anestit.unipa.it/
mirror/asa2/ProfInfo/chemical.html> (Accessed 30.04.14.)

http://asatest.asahq.org/publicationsAndServices/chemical.pdf
http://asatest.asahq.org/publicationsAndServices/chemical.pdf


Chapter 1

illnesses, personality changes, multiple jobs, and frequent 
moves between cities. This progression, which may take 
years to become apparent, is common with addictions 
that develop slowly.

The last activity to be affected is usually job perfor-
mance. Page operators and nurses may be the first to  
recognize behavioral changes. Record keeping may become 
sloppy. Excessive use of certain drugs becomes appar-
ent, perhaps accompanied by an unusual compulsion to 
explain the need for these drugs in patient management. 
Colleagues may note similar changes. Direct observation 
of self-administration confirms the diagnosis, but it is not 
common.149

Impaired physicians disclaim their illness by using 
superficially logical reasons to explain their bizarre 
patterns of behavior. Colleagues, too, use denial. Typi-
cally, they would rather accept these explanations than 

TABLE 110-3 NOTABLE BEHAVIORS COMMON  
TO THOSE ABUSING SUBSTANCES

At Work At Home

Unusual changes in behavior 
(e.g., wide mood swings, 
depression, anger, euphoria)

Withdrawal from family, 
friends, and leisure activities

Gossip by others Changes in behavior (e.g., 
wide mood swings)

Progressive increase in apparent 
narcotic use for anesthetic 
management

Fights and arguments at 
home

Careless charting Frequent unexplained illness 
(common in alcoholism)

Preference for working alone Gambling
Frequent requests for bathroom 

breaks
Extramarital affairs

Unusual willingness to provide 
relief for others

Legal problems (e.g., 
arrests for driving while 
intoxicated)

Inappropriate willingness to 
take calls

Decrease in sexual drive

Frequent appearances in the 
hospital when not on call

Finding of drugs and syringes 
in the home

Frequent unexplained absences Seclusive behavior at home
Difficulty finding the person 

when on call
Odor of alcohol on breath

Excessive postoperative pain 
in patients cared for by an 
individual

Weight loss

Common wearing of long-
sleeved gowns (to prevent 
chills often seen in early 
withdrawal and to hide 
needle tracks)

Pinpoint pupils (in persons 
addicted to opioids)

Pinpoint pupils Symptoms of withdrawal 
(e.g., diaphoresis, 
tremulousness)

Weight loss Denial of drug or alcohol use 
if confronted

Finding the person comatose
Finding the person dead
Witnessed self-administration 

(the only pathognomonic 
sign)
10: Environmental Safety and Chemical Dependency 3243

consider that a friend is a drug addict. For these reasons, 
the diagnosis is not usually made until its manifesta-
tions are clear.

TREATMENT

The appropriate initial response to the discovery of chem-
ical dependence in a colleague is to seek help. A call to a 
person experienced in managing chemically dependent 
physicians initiates the next steps.133 Most state medi-
cal societies in the United States have committees on 
impaired physicians to act as advocates for sick physicians. 
Advocacy continues as long as the physician cooperates 
with the committee’s recommendations. These commit-
tees serve as a buffer between the physician and the medi-
cal board or licensing agency. They also provide advisers 
to aid in confirmation of the diagnosis and to intervene 
and refer impaired physicians to appropriate treatment 
centers. Although laws vary, the committees are usually 
required to notify the board of a physician’s recalcitrance 
at any stage of treatment. In many states, the board does 
not censure impaired physicians who comply with the 
committee’s recommendations.

Intervention is the process of demonstrating to chemi-
cally dependent persons that they are ill and need treat-
ment.150 Interventions should never be attempted with 
fewer than two concerned persons and ideally should 
be directed by a person with previous experience. Before 
meeting, the group must collect documentation of drug 
usage including pharmacy records, anesthetic records, 
and other pertinent testimony. It is important to rehearse 
with members of the group (e.g., colleagues, psychia-
trists, family members) before meeting with the patient. 
Many experts suggest that each participant prepare writ-
ten notes to be used for reference during the interven-
tion. The objectives are to present irrefutable proof of 
the addict’s symptoms in a compassionate manner and 
to begin an appropriate treatment regimen. A recover-
ing physician at the intervention can be a valuable role 
model for the patient. Arrangements for inpatient treat-
ment and travel, if anticipated, should be made before 
the intervention.150

When all is in order, the patient is invited into a room 
in which the other participants are already seated. Each, 
in turn, should express concern for the colleague’s well-
being and, without passing judgment, should describe 
the aberrant behavior that has been seen personally. 
If necessary, the documents at hand can be shown. 
The basics of the disease and its treatment should be 
explained, and the patient should be urged to accept the 
proposed plan. If the patient refuses, as many do ini-
tially for fear of losing control, the patient should be told 
that the ultimate decision regarding therapy will not be 
made until after a thorough evaluation by a group of 
specialists at the facility. If the evaluation does not con-
firm the diagnosis, the patient will be discharged. Other-
wise, formal treatment, perhaps lasting several months, 
will start. If still reluctant, the individual should be 
advised that the interveners must, by law, report that 
person to both the medical board and the controlled 
substance authorities. Although it does not provide legal 
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immunity, acceptance of treatment is looked on favor-
ably by many courts.

After the intervention, the patient should be accompa-
nied continuously, not only to prevent the possibility of 
self-inflicted injury or elopement, but also to provide the 
social support necessary to begin recovery. With adequate 
preparation, most interventions are successful.

Treatment consists of an in-depth evaluation, which 
is usually followed by both inpatient and outpatient 
therapy. Formal therapy may last as long as several 
months,131 but on the basis of the initial workup, some 
programs permit a recovering physician to continue 
practicing medicine during what may be several years 
of outpatient care.133 Although this approach is debated 
by some, physicians often fare better if they are treated 
at a facility experienced in managing physicians. Phi-
losophies of treatment vary among programs, but the 
common goal is to provide a recovering physician with 
the ability to remain sober. The physician is assisted 
in developing a strong relationship with peer support 
groups such as Alcoholics Anonymous and Narcotics 
Anonymous.

PROGNOSIS AND REENTRY INTO THE 
WORKPLACE

Return from treatment is a difficult process for a recov-
ering physician. The comprehensive treatment program 
has provided a structured environment that is much 
different from the workplace. For this reason, reentry is 
greatly facilitated by understanding, compassionate peers 
who are willing to provide emotional support to the 
recovering physician. Gradual return to work, perhaps 
with others initially managing narcotic administration, 
is important. Without this support, the likelihood of 
relapse may be much greater.

In many states, the committee on impaired physi-
cians plays a vital role in recovery. At discharge from 
formal treatment, the committee prepares an “aftercare 
contract” with the physician, who agrees to be bound 
by the committee’s recommendations. The contract 
usually stipulates the number and the type of meetings 
that the physician must attend, the name of a “moni-
toring physician,” the requirement for random urine 
samples on demand, and the procedures to be used in 
the event of a relapse.131,151,152 Many recovery programs 
insist on the use of naltrexone or disulfiram, or both, for 
6 months or more after the physician returns to work. 
Novel treatments for alcohol dependence include inves-
tigational drugs such as acamprosate, bromocriptine, 
selective serotonin reuptake inhibitors, buspirone, and 
dexmedetomidine.153-155 As long as physicians adhere to 
the contract, the committee continues to serve as their 
advocate.

Federal law in the United States (the Americans with 
Disabilities Act [ADA]) provides limited protection 
against employment discrimination for recovering indi-
viduals.156 Although persons who are currently using 
drugs are not protected by this law, those who have been 
successfully treated and are otherwise capable of working 
are considered to be “qualified individuals with a disabil-
ity.” The ADA defines a history of chemical dependence 
as a disability. Although it does not require an employer 
to provide for treatment, the ADA may require that “rea-
sonable accommodation” be made for a qualified indi-
vidual who wants to return to practice. For a recovering 
physician, such accommodation could include a modi-
fied work schedule, such as no call for several months 
and assistance with administration of narcotics. An 
employer is not required to make accommodation if 
“undue hardship” for the employer would result. For 
example, it could be argued in court that the accom-
modations needed to permit a recovering physician to 
return could have a negative impact on other employ-
ees or could result in prohibitive costs for the employer. 
Whether the ADA can be used also depends on the type 
of employer-employee relationship between an individ-
ual and a hospital or group practice. Clearly, any person 
who seeks the support of the ADA needs competent legal 
guidance.

As indicated by reports from treatment programs, most 
recovering physicians are able to return to a productive 
professional life.157 Successful outcomes depend on life-
long participation in aftercare programs, total abstinence 
from drugs and alcohol, and continual acknowledgment 
of one’s disease. Some now believe that the prognosis 
for long-term sobriety in anesthesiologists depends on 
the age and the status of the physician at the time of 
identification. Residents who have been dependent on 
fentanyl appear to have a significant rate of relapse.126 
Although each case must be handled separately, strong 
consideration should be given to a change in specialty 
for junior residents who become addicted to potent 
opioids. A survey of anesthesiologists in recovery who 
underwent subsequent anesthetic procedures showed 
that although most respondents informed their anes-
thesia provider about their history of dependency, less 
than half of the respondents asked to avoid the use of 
previously abused agents, and at least two patients expe-
rienced relapse.158 A regression analysis identified sev-
eral risk factors that predict relapse, including a history 
of mental health problems, the use of a “major” opioid 
(e.g., injecting fentanyl, as opposed to oral oxycodone), 
and previous relapse.159 It is unknown whether physi-
cians using prescription opiates for chronic pain are at a 
higher risk of relapse.

The American Board of Anesthesiology (ABA) per-
mits a physician recovering from alcoholism or other 
drug dependence, who is otherwise qualified, to take 
both the written and oral examinations. After a can-
didate with this history has satisfied the requirements 
for certification, “the [board] will determine whether it 
should defer awarding its certification to the candidate 
for a period of time in order to avoid certification of a 
candidate who poses a direct threat to the health and 
safety of others.”160 If the ABA deems that such deferral 
is appropriate, “the [board] will determine the length of 
time the candidate’s certification is deferred following 
an individual assessment of the specific circumstances 
of the candidate’s history of alcoholism or illegal use 
of drugs.” This practice is in keeping with the intent of 
the ADA.160
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Statistical Methods in Anesthesia
STANLEY H. ROSENBAUM

K e y  P o i n t s

 •  Data should always be plotted. Significant trends should be visible to the eye.
 •  The statistics program should be known well enough to ensure that it is calculating 

what is wanted.
 •  Interval data should not be treated like categorical data—the mathematics is 

different.
 •  Many statistical methods assume that the data are distributed “normally,” that is, 

in a symmetric bell-shaped curve; these methods can be misleading if the data are 
not normally distributed.

 •  Standard deviation (SD) is used to describe the spread of data, and standard error 
of the mean (SEM) is used to compare data sets.

 •  Multivariate regression, which relates the outcome variable to more than one 
other factor, requires more data but will probably pick up correlations that may be 
missed if only univariate regression is used.

 •  When using multivariate regression, if two variables closely correlate with each 
other, then the statistical package may miss reporting one as correlating with the 
outcome.

 •  In hypothesis testing, a negative result may indicate no real difference or may just 
mean that the study was underpowered to pick up a true but small difference.

 •  A P value is the probability that the observed result will occur, assuming no true 
difference between the tested hypotheses, which is not the same as the probability 
of the difference being true.

 •  A Bayesian approach to diagnostic testing recognizes the fact that the value of a 
test depends on the patient population; if the test is almost always truly positive 
in the population, then false-negative results will outnumber true-negative results 
and make the test less useful. This situation is also true if the test is almost always 
truly negative, in which case false-positive results cause the confusion.

 •  Selection biases make many real-life clinical studies difficult to interpret. 
Randomized clinical trials are the best way to minimize this problem.

 •  Beware of the error of data dredging. Applying too many tests to insufficient data 
will probably find something that, misleadingly, seems significant.
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The advance of scientific knowledge in the past half mil-
lennium has been closely related to the linkage between 
experimental results and mathematical assessment of 
empirical observations. The role of the branch of mathe-
matics, termed statistics, is to describe the results of exper-
iments and to analyze, as best as can be mathematically 
done, the causes and effects behind the experiments.

A serious problem for a clinician or clinical scientist 
who wishes to use statistical methodology is that it is 
a modern branch of mathematics, much of which has 
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een developed in the past century. Its mathematical 
phistication is often considerably beyond that of the 

niversity-level calculus that is the upper limit of con-
entional medical training. Furthermore, many statistical 
ethods involve extremely long and tedious calculations 
at require computerized techniques to be practical. This 

rawback leads clinicians to the quandary that although 
atistical methods are useful and often essential to the 
nderstanding of medical science, they may be subtle to 
omprehend and difficult to use.



PART IX: Ancillary Issues and Responsibilities3248

It cannot be the role of a chapter in a book such as 
this to derive or even genuinely explain the mathematics 
behind statistical methods. Many accessible introductory 
texts give some of the reasoning and rough cookbook 
approaches to practical usage (see the bibliography). In 
real life, almost no one ever performs any sort of statistical 
calculations beyond the most simple with paper and pen-
cil. Application programs for statistical calculations are 
widely available for personal computers. Many of them 
are reasonably well documented and simple enough to 
use without much preparation.

The problem with these statistical programs for per-
sonal computers is that the assumptions behind the 
statistics remain obscure. It is extremely easy to use the 
wrong method or approach and still have the program 
generate an output that, although appearing to be cor-
rect, is simply wrong. The old computer adage of “gar-
bage in (statistically misleading), garbage out” is very easy 
to achieve with a computer package and a data file.

The goal of this chapter is to provide some of the cor-
rect language for describing statistics and to suggest the 
proper methodology for the use of statistics in some stan-
dard situations. Some of the classic errors common in 
medical statistics are indicated. Of course, readers must 
be familiar with whatever program they actually use.

STATISTICAL APPROACHES

Within the broad rubric of statistics, several distinct and 
valuable areas can be separately viewed. Descriptive statistics 
is the use of mathematical methods to describe or categorize 
a collection of data that results from a set of empirical obser-
vations. Statistical testing is the broad approach to the deter-
mination of conclusions from a set of observations. Within 
each of these categories are many separate techniques.

TYPES OF DATA

It must be remembered that behind every statistical meth-
odology are formal mathematical definitions and proofs. 
Although it may sometimes seem that a simple intuitive 
approach is sufficient to understand what is happening, 
mathematical statistics can be misleading and unforgiving. 
The mathematical proofs and calculations that are behind 
statistical tables and computation programs make strict dis-
tinctions among the several types of data (Table 111-1).

One grouping of data, termed interval data, is simple 
continuous numerical measurements (e.g., 1.2, 33.4). Often, 
discrete numerical measurements, such as counts or inte-
gral quantities in the same categorization, are described. 
This approach is occasionally misleading; the claim that a 
“typical family has 2.3 children” is meaningful in a crude 
way, although the quantification of children is obviously 
not a continuous numerical fraction. In practical use, both 
continuous and discrete data can be handled by tech-
niques similar to those used for interval data.

The other major grouping of data is categorical data. 
One type of categorical data is ordinal data, which refers 
to the ordering or ranking of subjects (e.g., 1st, 3rd, 10th). 
Taking care to resist the temptation to regard the number 
of the ranking as an interval number, that is, to confuse 
first with the number 1, and so on, is important. Such a 
grouping does not usually have much numerical meaning 
and is false to the mathematics if an attempt is then made 
to manipulate the number as though it were an interval 
value. The arithmetic manipulation of arbitrary numeri-
cal assignments may easily produce misleading results.

Binary data (e.g., up versus down, greater versus lesser) 
is another similar category. The most general grouping is 
the simple category (e.g., red, green, blue; cancer, diabetes, 
ulcer). When using simple or binary categories, attaching 
numbers to the groups and trying to get numerical results 
is incorrect—the mathematics are not appropriate, and 
the results are not likely to mean much. Specific statistical 
techniques for categorical data are necessary.

DESCRIPTIVE STATISTICS

The most general statistical goal is to describe the data set. 
The simplest method is to simply present all the crude 
data. For small data sets, the actual measurements can be 
presented. For larger amounts of data, a graph or statis-
tical plot of the data can be helpful. Frequently, trends 
and groupings in a picture can be extremely difficult to 
describe numerically. It is often suggested that before 
any mathematical method is applied to data analysis, a 
graphic plot should be produced. If the data do not look 
right to the naked eye, then the statistical analyst should 
be extremely careful to avoid erroneous results. The 
choice of the correct format for the statistical plot can be 
an art form, and special data manipulation computer pro-
grams can be useful to search for visual clues in a data set.

NORMAL DISTRIBUTION

Perhaps the most powerful numerical concept of math-
ematical statistics is the normal distribution, often called the 
bell-shaped curve. The idea of a most likely central value with 
other values scattered evenly to both sides is a classic statis-
tical concept with deep mathematical roots. It fits in nicely 
with an intuitive idea of a true value with measurements 
randomly distributed around the true value in such a way 
that more values are close to the center than are distant.

Many typical data sets follow a normal distribution 
around a center point. This distribution, also sometimes 
called a Gaussian distribution, is derived from the assump-
tion that a center, a true value, exists and that deviations 
from the center are random and diminish in likelihood 
the farther the values get from the center (Figure 111-1).

The strict use of normal distribution implies very large 
amounts of continuous interval data. When, as is usual, a 
data set does not meet this criterion, approximations are 
needed. Fortunately, most computerized statistical pro-
grams can deal with this problem with good effect.

TABLE 111-1 TYPES OF DATA

Data Type Examples

Interval 1.1, 22
Ordinal 1st, 3rd
Categorical—binary Male or female, alive or dead
Categorical—multiple Red, green, blue



In general, the mathematical description of the place-
ment of the values is termed the distribution. There are 
many, mostly uncommon, distributions other than nor-
mal distribution. They yield different curves and have 
specific mathematical properties. Not all data sets, even 
if they look like a bell-shaped curve, are normal distribu-
tions. If the curve is too wide (i.e., many distant outlying 
points) or too narrow or uneven, then the mathematics 
derived for normal distributions will not work well.

When data follow a normal distribution or, more gen-
erally, any specific mathematical distribution, the meth-
ods of parametric statistics can be used. The term parametric 
refers to the ability to describe the distribution with a spe-
cific set of values. Frequently, such is not possible, and 
nonparametric statistical methods are necessary. These 
methods make fewer mathematical assumptions about 
the distribution of the data, but they are more difficult 
and can be less robust in finding statistical distinctions. 
Conversely, if parametric statistical methods are applied 
to data that are not normally distributed, then false or 
misleading results can be calculated. This type of error is 
common and can be prevented by using appropriate tests 
or checking the data for normality before applying tests 
that assume it.

In practical use, data are often treated as though they 
follow a normal distribution. However, wise investigators 
will use the tests in their computer statistics packages to 
test for normality and recognize that if the data do not 
follow a normal distribution, then other methods will be 
needed.

Measures of Central Tendency
In describing data, the first task is to give some indication 
of the approximate value, range, or size of what is being 
described. How this is done depends on the type of data 
involved (Box 111-1). For categorical or binary data, all 
that may be possible is to give the counts in each group. 
For categorical data with many groups, the most popu-
lous groups may be named and listed in order. For ordinal 
data, summary description may be difficult; often, first 
place or last place will be the most interesting.

The median is the center or middle data point if the 
data can be ordered from smallest to largest. This value 
would apply to both interval data and to ordinal types 
of categorical data. For interval data, many mathematical 
techniques can be applied. The simplest is the mean, or 
the simple average value of the numerical data, with each 
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Gaussian distribution (“bell-shaped” curve)

Figure 111-1. Gaussian distribution in a bell-shaped curve. The 
x-axis is in units of standard deviation.
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data point counted equally. In a weighted mean, the indi-
vidual points may be added unequally, with some getting 
more credit (i.e., weight) than others.

For interval data that can be mathematically analyzed, 
the data may be fitted to a curve, which means that a 
mathematical formula is computed that closely fits the 
measured data points, often by using a computer and 
sophisticated calculations. The relationship can be as 
simple as a straight line or a complicated mathematical 
formula with exponentials, polynomials, or other func-
tions included as may be needed. The various computed 
values in these formulas would be the parameters of the 
curves. The data would thus be described by the param-
eters of the formula approximated to the observed data. 
For the simple case of a straight-line approximation to 
data, the parameters would be the slope and intercept of 
the line. For complex equations fitted to data, the param-
eters would be the various computed numbers that make 
up the equations.

The mode is the most common value in a set of data 
points. This concept can be misleading if the data are 
truly continuous because every data point would then be 
probably different (if only infinitesimally so) from every 
other point. Hence, to describe the mode of continuous 
data, grouping the values into brief intervals makes the 
most sense. In this case, the interval with the most points 
within it is the modal interval. The mode may also be a 
very misleading description of the central tendency of a 
data set because no reason may exist for the most com-
mon value to be anywhere near the middle.

Numerical data can be described by categorizing the 
values into percentiles or similar groups. The meaning here 
is that for the 10th percentile, 10% of the data points are 
at or below that value. The 50th percentile corresponds 
to the median of the data set, and the 99th percentile is 
the value at or above 99% of the data points. Similarly, 
quartiles, quintiles, or other groups can be computed. 
With any method used to describe data, the choice of 
the description may subtly bias investigators in how they 
think about the result. In the simple data set (2, 2, 3, 7, 
14), the mode = 2, the median = 3, and the mean = 5.6. 
Which, if any, of these representations is more accurate? 
The answer depends on how the data are used because no 
one representation is perfect.

Measures of Dispersion
Often, analysts want to describe not only the values of 
the data but also how the data are spread out. For data 
that follow a normal distribution, the classic approach is 
to compute the standard deviation (SD) of the data. With 
this value, approximately 68% of the data fall within  
1 SD of the mean, and approximately 95% fall within 2 SD 
of the mean value. The larger the SD, the wider the bell-
shaped curve; the smaller the SD, the narrower the curve.

Mean ± standard deviation
Mode
Median
Percentiles

BOX 111-1 Measures of Central Tendency
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Another way of examining this concept is to con-
sider that if analysts were making measurements of an 
unknown value and their values were scattered in a ran-
dom normal distribution around that value, then approx-
imately 68% of the data points would most likely be 
within 1 SD of the true value. Of course, this result is only 
the most probable outcome; in any real set of randomly 
distributed data, an analyst could be unlucky and have 
very atypical points.

For data that do not follow a normal distribution, 
describing the dispersion of the data set in a standard fash-
ion can be difficult. Often, simply the range of the data, 
from the lowest to the highest, is given. Occasionally, the 
data may be so scattered, with very distant extremes, that 
the range is not as useful as reporting the 25th to 75th 
percentiles of the data.

Caution
Because using a computer package to calculate the SD is 
so easy, particular caution would be taken when using it. 
Frequently, data do not nicely fit into the normal distri-
bution with a symmetric bell shape and unbounded tails 
out in both directions. As an example, consider a data 
set of subjects with widely dispersed ages including many 
children. Getting a value of 10 for the mean age would be 
easy, with an SD of 15. Clearly, no values lie at the lower 
end of the distribution with ages of −5. In such situations, 
the SD has some merit in describing the spread of the data 
but is, by strict mathematics, being misapplied.

Standard Error of the Mean
Just as random numerical data can often be described 
by the SD, the means computed from multiple grouped 
determinations of the data set can be described by mak-
ing a computation very similar to the SD but applied not 
to the measured data but to the computed means. This 
computed quantity is termed the standard error of the mean 
(SEM). As more data sets are gathered, with each data 
point being a measurement of what is a true but unknown 
value, the means of the data sets will probably get closer 
and closer to that true value. Hence, as more and more 
data are gathered, the SEM gets smaller and smaller. This 
concept is intuitively very reasonable—as more and more 
measurements of a value are made, a mean value should 
be getting closer and closer to the true value, even if the 
data points, themselves, remain scattered.

The difference between SD and SEM is important. SD 
is used to describe the data, and SEM is used for com-
putations about the certainty of the mean of the data. 
Because computer packages can as easily provide either of 
these values and SEM is a smaller value, one is tempted 
to describe the data by the SEM. Although this is not dis-
honest if clearly labeled, it can certainly be misleading. A 
very large number of data points will have a very small 
SEM, but widely dispersed data will have a large SD, no 
matter how many points are measured.

GraphinG the Data. All experienced statisticians will 
stress that before statistical calculations are applied to a 
new data set, the data must be plotted in some graphic 
format. If the data are widely scattered, appear asymmet-
ric, or have a specific pattern, then that information is 
useful in determining the statistical tools to be applied. 
Furthermore, noting the presence of extreme outlying 
points may be a clue to mathematical or experimental 
errors.

reGression analysis. Data may often fit a mathemati-
cal formula, which may be a straight line (e.g., a linear 
relationship) or just about any sort of continuous math-
ematical formula. In regression analysis, the power of the 
computer program is used to determine the mathematical 
formula that best fits the data. To do this, the program 
with the type of curve to use (e.g., straight line, quadratic 
equation, exponential curve) must be provided. The pro-
gram will then provide the parameters within the selected 
equation that best fit the data points.

The art of regression is complex. The first problem is 
to pick the appropriate mathematical relationship to fit 
the data. Graphing the data is obviously very useful for 
this. There are also some mathematical subtleties in how 
to best fit the data to the curve, but by far, the most com-
mon method is a least-squares approach, which minimizes 
the square of the distance of each data point from the 
proposed curve. Although this methodology is approxi-
mately two centuries old, it clearly benefits from the use 
of modern computerized calculations, without which it 
would be practically unusable.

The computer program for regression analysis will pro-
vide the parameters of the fitted equation, such as the 
slope and y intercept for a straight line, as well as some 
information about how well these parameters fit the data. 
The user has to be cautious in using the fitted equation if 
the agreement is poor because almost any jumble of data 
can be fitted to some equation, albeit with terrible agree-
ment. It is fair to stress that the human eye has real power 
to judge trends; therefore, if a graph of the data does not 
look like it fits the curve, then the wise user will be very 
skeptical of the result.

Univariate versUs MUltivariate reGression. In fitting 
data in a regression analysis, the first step is to choose 
the variables that will be used as independent variables. 
In univariate analysis, only one variable is used for the 
data fit and the data are plotted and the computations 
are performed by using that one variable to describe the 
data. As an example, the weights of a group of subjects 
may be compared with their heights. However, in the real 
world, many possible variables can almost always be used 
to determine an outcome. In multivariate analysis, more 
than one variable is used to describe the observed results. 
In the weight example, the subjects’ weights might be 
analyzed by using heights, ages, and gender. Note that 
in this multivariate example, the outcome is a continu-
ous interval variable but is determined by a collection of 
interval variables (age, height) and a categorical variable 
(gender). The precise mathematical techniques that are 
used for multivariate analysis will depend on the nature 
of the variable used; in general, a mixed group of vari-
ables makes the most sense with real-world data.

On first approaching analysis of a data set, a simple 
univariate analysis may help in understanding the rela-
tionships involved. However, the data analyst must be 
cautioned that subtle relationships can be missed with 



only univariate analysis if the relevant variable is not 
used. As an example, heart rate may correlate with the 
dose of pain medicine in an injured patient, but the causal 
relationship for both is likely to depend on the degree of 
pain.

With multivariate regression analysis, many potential 
pitfalls can be readily encountered with computerized cal-
culations. One critical category of problems derives from 
the relationships that the various variables may have with 
one another, which is often described by indicating how 
independent these variables are in relation to one another. 
For an independent variable, the values of one variable 
do not tell what the values of the other would be. In the 
example of weight versus age and height, age and height 
would be expected to be independent in adults. Mathe-
matically, it would be determined that age and height are 
uncorrelated. However, in children, age and height are cor-
related; therefore, weight could be expressed as a function 
of weight versus age or weight versus height. In this last 
case, a multivariate analysis that focused on independent 
variables might simply produce the result that weight 
is a function of height and throw out the relationship 
between weight and age. Hence, when many variables are 
involved, caution must be applied so that experimentally 
important relationships are not missed because they do 
not mathematically add up to the results. Sophisticated 
statistical computer packages will look for these sorts of 
problems. Identifying a significant correlation among the 
different variables would suggest that some information 
may be lost if only independent variables are reported. 
If a simpler statistical program is used, then performing 
multivariate analyses with some of the variables left out 
would be wise to determine whether other possible rel-
evant relationships appear.

Another type of problem that can be misleading with 
multivariable relationships occurs in the situation in 
which the computer program produces a variable that 
only weakly correlates with the data but does so with 
high reliability. This situation would be expressed in lin-
ear analysis as a result with a small correlation coefficient 
but a very good P value (more about P later). The fact that 
the correlation is likely real (i.e., not a statistical chance 
occurrence) does not offer much to the experimental 
analysis if the correlation is small—the data are not well 
explained by the relationship. Here, the confusion comes 
from the fact that although the correlation is weak and 
does not explain much, the calculation shows very high 
confidence in the presence of this weak correlation.

hypothesis testinG. A very common use of statistical 
techniques is to test a question, called the hypothesis. Also 
often termed significance testing, this approach yields the 
valuable concept of the P value. It is the P value that is 
often used to summarize the statistical strength of the 
data analysis in supporting or rejecting the hypothesis. 
If groups were to be compared, then the test is often 
described as a comparison of the null hypothesis, which 
states that no difference exists between two groups of 
data, and the alternative hypothesis, which states that a dif-
ference does exist. If a single grouping of data were ana-
lyzed and two descriptions of the data were compared, 
such as determining whether the mean value of the group 
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as calculated from the data is different from 0, then the 
two hypotheses would be mean = 0 versus mean = mea-
sured value ≠ 0.

The P value is computed from the observed data as 
the probability of obtaining this data set if, in reality, the 
null hypothesis were true. It is important to note that this 
calculation assumes the null hypothesis and is not the 
same as saying that P is the probability that the alterna-
tive hypothesis is true. If, in reality, the null hypothesis is 
true, then it would be unlikely that something else would 
be observed in the data. In actual experimental situa-
tions, all data have some randomness; therefore, one can 
never be certain that observation is not simply chance 
and bad luck.

In hypothesis testing, a level of significance, termed the 
alpha value, is chosen; if P is less than alpha, then the 
result can be declared statistically significant and accepted 
as true. If P is not less than alpha, then the hypothesis 
is rejected (equivalent to accepting the null hypothe-
sis). Remember the logical sequence: alpha is chosen in 
advance, and then P is computed from the data. If P is 
less than alpha, then the hypothesis is accepted and the 
null hypothesis is rejected. The P value is the chance that 
the null hypothesis was true but, through bad luck, the 
data came out as observed anyhow. Typically, alpha is set 
equal to .05, and P is less than that. For that P value, it 
would mean that the chance of the data coming out this 
way was less than a probability of 5% (P = .05) if the null 
hypothesis were, in fact, true.

Choosing the level of significance is an arbitrary deci-
sion. Investigators might want to be very sure that they 
did not erroneously reject the null hypothesis and set 
alpha at .01. It is common in biomedical studies to pick 
an alpha value of .05. In addition, a very small P value 
may lead the analyst to reject the null hypothesis but 
may not give much information about the exact nature of 
the alternative. As an example, tossing a coin and getting 
six heads in a row might lead analysts to reject the null 
hypothesis that the coin is a fair coin, but it is not enough 
information to suggest that the coin always comes up 
heads. The P value is calculated from the data assum-
ing the null hypothesis, and the use of a small value of P 
allows the rejection of the null hypothesis, yet that does 
not fully characterize the alternative hypothesis.

Power. It should seem intuitively obvious that the 
ability of a statistical test to make a valid determination 
depends on the amount of data available. With only a 
few observations or data points, investigators cannot be 
as certain about a conclusion as if they had large amounts 
of data. If the goal were to determine the fairness of a 
coin, then tossing it twice would not be convincing of 
much; tossing it a thousand times, however, would pre-
sent a good idea about the nature of the coin. In statistical 
hypothesis testing, the power of a study is a description 
of the ability of the study to detect a true difference. A 
statistical hypothesis test may fail to achieve significance 
(fail to get P < alpha) if either the data truly do not reflect 
a difference or if there are so few data points that the 
mathematics yields a poor P value. A beta error is defined 
as the probability of falsely accepting the null hypothesis 
(calculated by assuming that the alternative hypothesis is 
true), and the power = 1 − beta. For the power to be good, 
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that is, for the beta value to be small, the study must have 
enough data points to ensure that if a difference is ob-
served between the null and alternative hypotheses, then 
it can be accepted with reliability.

A sample size calculation is often performed before 
an experiment is undertaken to determine how much 
data would be necessary to have a reasonable chance of 
observing what is guessed to be the observed result. Stan-
dard computer programs are available that will compute 
the number of data points necessary when the alpha and 
power values are provided and some estimate is made of 
the likely observed effect. Being cautious about any study 
that is interpreted as negative (i.e., no significant differ-
ence between the study groups is reported) is important. 
It may be that no difference truly exists, but it may also be 
that the sample size is too small to determine a difference 
with statistical significance.

ConfidenCe intervals. Using confidence intervals as a 
description of the statistical determination is becoming 
more common in reporting statistical measurements. A 
range of values may be given such that it is determined 
with some likelihood (often at 95%) that the true values 
lay within that range. For expressing simple results, the 
confidence interval is equivalent to providing a mean  
± SD. This method becomes particularly useful for describ-
ing results when describing “no difference” in the correct 
statistical fashion. Here, the proper description would be 
that the true difference lies in an interval less than x with 
the given statistical confidence.

To summarize, the following is wanted for hypothesis 
testing:

 •  Null hypothesis (e.g., mean = 0)
 •  Alternative hypothesis (e.g., mean = m)
 •  Alpha value (chosen in advance; e.g., alpha = .05)
 •  Power (chosen in advance in conjunction with a 

sample size calculation to ensure enough data points; 
e.g., power = 0.8)

 •  P value—computed for data
  

The difference between the null and the alternative 
hypotheses could be significant if P is less than alpha. 
If a value is being described, then a difference could be 
considered a confidence interval; and if there is “no differ-
ence,” then the difference (if any) in the interval could be 
described as less than some computed value.

STUDY DESIGN

The essence of scientific study is generally some numeri-
cal determination of a result. This numerical analysis is 
approached with statistical calculations. However, with-
out a careful design of the study in the way that the 
numerical data are generated, formal statistical analysis 
of the numbers will yield scant benefits and may even 
be misleading. In the typical study, analysts are usually 
attempting to either characterize some variable (e.g., 
mean or trend) or make a choice to accept or reject 
among various hypotheses. No matter what the question, 
analysts must always be careful that the results genuinely 
answer the question and that they are not misleading 
themselves with inappropriate conclusions.
Scientific studies may be observational studies during 
which data are gathered without performing any specific 
intervention affecting the assignment of groups or effects 
on group members. Because investigators in an observa-
tional study have to take what they find as data, they are 
always subject to other unrecognized factors that may 
distort their interpretation or limit their ability to ask 
questions about the data.

In an interventional study, investigators pick the group 
members, determine what is being done to them, and 
attempt to look out for and eliminate potential confu-
sion before the data are collected. A clinical trial is a typi-
cal interventional study in which different therapies are 
compared.

In the design of a scientific study, one major fear 
is a statistical bias, which is a systematic effect in the 
study that produces an error in the interpretation of the 
results. When considering the various possible study 
designs, analysts need to beware of the potential biases 
that may creep in. A selection bias occurs when groups 
are compared with respect to some variable but analysts 
do not realize that the groups are different in other (but 
important) ways. Because groups of subjects may differ 
in multiple ways, the assignment of subjects into groups 
may result, either from misdirected choice or random 
bad luck, in groups that are not fairly comparable. Con-
sequently, although the results are thought to be deter-
mined by the variable under study, it may actually be 
that some other factor results in a misleading conclu-
sion. As an example, consider a study that is compar-
ing surgical and medical treatment of some illness and 
ends up with a grouping in which a higher proportion of 
men than women are undergoing surgical therapy. Any 
conclusion from this study about surgery versus medical 
therapy is biased and might be truly reflecting simply 
the difference in the results of therapy on men versus 
women.

A confounding bias occurs when multiple variables 
are intimately intertwined so that although the vari-
able under study is assumed to be important, the truth 
is that the confounding variable is more important. 
As an example, consider a study attempting to deter-
mine the effects of obesity on longevity. Because dia-
betes mellitus is closely correlated to obesity, a result 
that purported to be about obesity might easily be more 
accurate about diabetes. When variables do not corre-
late with each other so that changes in one variable do 
not go along with changes in the other, they are called 
(in a rough nonmathematical sense) independent vari-
ables. Variables that are correlated with each other are 
not independent.

A measurement bias occurs if the methods used for 
making measurements when comparing different groups 
have different scales or sensitivities. As an example, con-
sider attempting to get a history of chest pain in groups 
of patients with and without known coronary artery 
disease. Patients who know that they have heart disease 
might be imagined to remember brief pain more thor-
oughly than healthy patients, or perhaps they might 
deny pain more in their wish to believe that they are 
healthy. Here, the art of the experimenter is to predict 
and avoid such biases.



In a blinded study (more properly called a masked 
study), measurement bias may be avoided if the per-
son performing the measurement does not know which 
group is being measured, thereby avoiding subtle mea-
surement bias in approaching or determining the data. 
As an example, consider an active drug being compared 
with an inactive placebo. A researcher who knows which 
patient is taking the active drug might be more diligent in 
pursuing benefits or side effects. In a double-blind clinical 
study, neither the patients nor the experimenters obtain-
ing the data should know which participants are in which 
group to avoid subtle measurement bias.

Observational studies may be categorized as case, case-
control, or cohort studies. In a simple case study, an indi-
vidual case or group of cases is reported. Such reports may 
demonstrate the existence of some observation or effect, 
provide the presumably typical character of the observa-
tion, and suggest a therapy or natural history. These types 
of studies do not have the nature of a proof because it 
is always a possibility that some other hidden effect is 
producing the observation or that the observed charac-
teristics are atypical in some fashion. Nevertheless, often 
“seeing is believing”; so much of what is reported in med-
icine is in the form of case observations.

The distinction between cohort and case-control stud-
ies is important but often misinterpreted. In both catego-
ries, groups of subjects are compared, usually in regard to 
the effects of some intervention. In a case-control study, 
the factor separating the groups is determined after the 
intervention. Typically, a comparison is made of some 
outcome in one group, the case group, versus a similar 
group that does not have the outcome and functions 
as the control group. Because the groups are separated 
after the intervention, selection biases or unappreciated 
confounding variables can mislead the investigators. As 
an example, consider a study investigating the effects 
of hypertension on surgical mortality. If the groups are 
divided into patients with and without perioperative car-
diac events, one group may be different from the other. 
However, such a result may be misleading; perhaps it is 
the renal disease associated with the hypertension that 
is significant (a confounding bias). Alternatively, perhaps 
patients with hypertension are sent to surgery by their 
physicians only when they have worse surgical problems; 
therefore, the groups are not fairly compared (a selection 
bias).

In a cohort study, the study group is monitored before 
the intervention occurs. The group is assembled to be as 
similar as possible and then monitored forward in time. 
Such studies are useful for describing the natural history of 
disease and may be helpful in suggesting causes. However, 
as with the other observational studies, selection and con-
founding bias may occur and lead to misleading results.

A case-control study is sometimes termed a retrospective 
study because the analysis can only be done after the par-
ticipants complete the study to determine to which group 
they belong. In this sense, a cohort study is a prospective 
study inasmuch as the data must be gathered before the 
intervention. Unfortunately, these terms may be misused 
because, obviously, a case-control study can be planned 
in advance (prospectively). In addition, no matter how 
truly prospective a study is, once the data are gathered, 
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the analyses are performed after the fact (retrospectively). 
These terms are best avoided.

After considering the nature of observational trials, the 
strength of the interventional clinical trial is recognized, 
in which the investigators determine the membership of 
the groups to be compared in advance and attempt to 
make the groups as similar as possible. In a randomized 
clinical trial, the participants are assigned by chance to 
the groups; consequently, if some fluctuations in the par-
ticipants or some subtle selection bias is present, then the 
effect will be the same in each group (and presumably 
cancel out in the result). Such a study is necessarily pro-
spective in nature.

Randomized clinical trials are the idealized standard 
in medical research because they offer the best chance to 
minimize biases. However, the effort and expense in set-
ting up a clinical trial may be considerable. Such a trial 
requires patients to be enrolled before the medical inter-
vention is performed. Patients give up the choice of the 
therapy that they receive and allow their therapy to be ran-
domly selected among various options. Such trials (even if 
they involve standard therapies) require full ethical board 
clearance and explicit patient consent.

Even with the best clinical trial methodology, poten-
tial difficulties include dealing with subtle selection 
biases regarding who is entered into the trial. Studies that 
are actively watched by investigators and their highly 
motivated associates may result in atypical practices that 
cannot be generalized into standard clinical practice. The 
patients in clinical trials are themselves mostly moti-
vated by the search for personal benefit and cannot be 
depended on to follow protocols strictly or to stay with a 
program that does not appear to be successful.

DATA DREDGING AND THE PROBLEM 
OF MULTIPLE COMPARISONS

In all statistical interpretations regarding the acceptance 
of data-determined conclusions, the random chance of a 
highly unlikely statistical result being misinterpreted as 
the typical true conclusion is always recognized as a pos-
sibility. A coin tossed six times and coming up all heads 
might lead to the conclusion that the coin was not fairly 
balanced, yet that will happen every 26 = 64 times that 
it is attempted even with an entirely fair coin. When 
an alpha value of .05 is picked, investigators are saying 
that approximately 5% of the time they will accept mis-
leading random errors as though they were true. This 
is roughly equivalent to recognizing that for every 20 
experiments, perhaps 1 will be wrongly accepted as true 
based solely on bad luck and random chance. If a large 
set of data is analyzed in many ways, then some random 
results may appear statistically significant, simply based 
on this sort of chance. This is the error of data dredg-
ing and typically occurs when too many variables are 
examined for correlations within a single data set—by 
random chance something will be found that appears 
significant.

In a similar manner, if a very large number of indepen-
dent comparisons are made between two groups of sub-
jects and an error rate of 5% is accepted, then a false but 
statistically “significant” result may occur approximately 
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once for every 20 comparisons made. This is the error of 
multiple comparisons. Mathematical methods are available 
to correct for these errors—what is most relevant for the 
consumer of the statistical analysis is to recognize the 
presence of the error and look for the correction.

CHOICE OF TESTS

Nonparametric Statistics
When calculating the random distribution of some vari-
able, visualizing the values as clustered around some cen-
ter value in the well-known bell-shaped (termed normal) 
distribution is easy. However, as noted earlier, not all data 
have such a nice distribution. Data that are not in inter-
val format, such as nominal data (e.g., red, black; male, 
female) or ordinal data (first, third), cannot be described 
by mathematical distributions with parameters such as 
the mean or SD. Such a situation calls for nonparametric 
statistics. Nonparametric statistical methods are typically 
used for the analysis of nominal or ordinal data. Data 
that are distributed in a very atypical skewed fashion (a 
nonnormal distribution) will not be properly handled by 
analyses that have the mathematical assumptions of nor-
mality; such data will need nonparametric analysis.

The first step in considering the choice of a statistical 
test is to decide whether statistical methods that assume 
a normal distribution are appropriate or whether non-
parametric methods are needed (Table 111-2). A test for 
normality is included in typical statistical computer pack-
ages. Often simple inspection of frequencies in tabular or 
graphic form will convey much information.

Contingency Tables
A very common nonparametric statistical problem is the 
analysis of a table of data in which each cell in the table is 
a count in a particular category. The question is to deter-
mine whether the groups are statistically different from 
one another. As an example, consider the question of 
men versus women and their political affiliation, Repub-
lican versus Democrat, in which a 2 × 2 table is gener-
ated. If additional political groups are added, for example, 
Green and Undeclared, then a 2 × 4 table is generated. If 
these data are to be analyzed to determine whether men 
and women differ in political affiliation or whether Dem-
ocrats versus Greens differ in gender distribution, then 
nonparametric statistical methods appropriate to a con-
tingency table would be applied.
Paired versus Unpaired Data
If statistical methods are applied to analyze data from 
multiple groups and each individual data point comes 
from a separate and distinct source, then the mathemat-
ics behind the statistics assumes an independence and 
randomness that would not be the same if the sources 
are highly related. As an example, consider a study of 
blood pressure in two groups of patients, one treated 
with medication and the other untreated. Because blood 
pressure measurements can be widely scattered in distri-
bution, depending on the patients’ previous medical con-
ditions, a small drug effect might be difficult to notice. 
However, if the same individuals were studied before and 
after therapy, then the wide initial variations might can-
cel out and small effects would be noticed. In this latter 
study, the data points can be paired, one in each group, 
to detect these small effects. A study in which the data 
can be paired can be very sensitive in picking out small 
changes. Conversely, the erroneous use of paired statistics 
might suggest a statistically significant result when one 
does not exist.

Two-Group versus Multiple-Group Analysis
In a simple statistical analysis, one group of data may 
be characterized or a comparison may be made of that 
group with a standard value. Comparing two groups is 
slightly more intricate when the goal is to characterize 
each group and determine whether the groups are sta-
tistically different. Significantly more concern must be 
applied to the situation with three or more groups. In 
the case of multiple groups, two distinct types of ques-
tions can be asked. First, knowing whether the groups 
are significantly different or whether they are all the 
same (with any numerical differences attributed solely to 
random fluctuations) might be necessary. Second, if the 
conclusion is that the groups are not all statistically the 
same, then knowing which groups are different from one 
another might be desirable—that is, are they all distinct 
or are just one or a few different, whereas the rest are 
similar to each other?

In summary, three questions should be asked when 
choosing between tests (see Table 111-2):

 1.  One group, two groups, or many groups?
 2.  Paired or unpaired groups?
 3.  Parametric (interval data after a normal distribution) 

or nonparametric methods?
TABLE 111-2 CHOICE OF TESTS

Comparison Goal
Normally Distributed 
(Parametric) Interval Data Nonparametric Interval Data Categorical Data

Describe group Mean ± SD Median, mode, percentile Counts and proportions
Compare group with value t-Test Wilcoxon Chi-square
Compare two groups Unpaired t-test Mann-Whitney Chi-square, Fisher
Two paired groups Paired t-test Wilcoxon McNemar
Three or more groups ANOVA Kruskal-Wallis Chi-square
Multiple matched groups Repeated-measures ANOVA Friedman —
Regression Linear regression Nonparametric regression Logistic regression

ANOVA, Analysis of variance; SD, standard deviation.



Bayesian Approach to Probability
The commonsense meaning of the term probability can 
readily become confusing within the mathematical 
morass of formal statistics. In practice, two definitions 
for probability are commonly used and interchanged. 
In the frequentist approach, the probability of an occur-
rence is viewed as the fraction of occasions that a selected 
event would occur if the trial were repeated many times. 
In other words, the probability of a fair coin coming up 
heads is .5 because if it is tossed many times, then approx-
imately 50% of the tosses would come up heads.

However, in many real-life situations, repeating the tri-
als many times to get a frequency of occurrence for an 
event cannot happen. In the subjectivist approach, a prob-
ability is assigned to an event, based on a best guess or 
opinion. Such subjective assessments are very similar to 
what is done in medicine when an interpretation is made 
on the basis of opinion and experience. This approach is 
often termed Bayesian statistics because of a mathemati-
cal formula, Bayes’ equation, which is used to manipulate 
subjective probabilities.

The powerful practical insight that comes from Bayes-
ian statistics lies in the requirement that statistical calcula-
tions is begun with an initial probability of an event. This 
very much matches the real-life situation in which any 
test or prediction depends on the patient under study. It 
is generally medically unwise to consider a diagnosis for a 
patient unless the patient’s own characteristics are taken 
into account. It is obvious to any clinician that an abnor-
mal cardiogram suggesting myocardial ischemia would 
not mean the same thing in a healthy 30 year old as it 
would in his obese hypertensive grandfather. In a similar 
argument, a negative exercise stress test does not give great 
confidence that a very high–risk patient is free of cardiac 
disease (because the chance of disease is so high and stress 
tests are notorious for missing disease in some patients).

In medical situations, Bayesian statistics are mostly 
used for the interpretation of diagnostic or predictive 
data. The term Bayesian is often an indication that the 
patient or population’s a priori chances of disease should 
be considered when applying a predictive test.

When using diagnostic or predictive tests, the con-
cepts of sensitivity and specificity are very useful because 
they are not dependent on the population. Sensitivity is, 
approximately, the ability of the test to detect the disease 
when truly present, and specificity indicates the ability of 
the test to avoid a false indication of the disease when 
truly absent. To use these terms, four possible situations 
are defined:

True positive (TP): The patient has disease, and the test 
is positive.

False positive (FP): The patient does not have disease, and 
the test is positive.

True negative (TN): The patient does not have disease, 
and the test is negative.

False negative (FN): The patient has disease, and the test 
is negative.

  

By definition,

 Sensitivity = TP/(TP + FN) 
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 Specificity = TN/ (TN + FP) 

The ideal test has a sensitivity of 1, which indicates 
that the test picks up all patients with the disease, and a 
specificity of 1, which indicates that the test never falsely 
claims that a healthy patient is diseased.

In addition, defining the following is also useful:

 Positive predictive value (PPV) = TP/(TP + FP) 

 Negative predictive value (NPV) = TN/(TN + FN) 

Although the sensitivity and specificity of a test do 
not depend on the characteristics of the population, it 
must be remembered that they certainly do depend on 
the quality of the test. However, PPV and NPV are depen-
dent on the tested population—this situation is where the 
authors’ comment about Bayesian is relevant. (Although 
it is not the goal of this chapter to prove these claims, the 
reader may be convinced by considering what happens to 
sensitivity, specificity, PPV, and NPV in situations during 
which the test is applied to a population in whom the 
disease is absent—only TN and FP are nonzero. PPV is 
vanishingly small and NPV approaches 1; similarly, for a 
population with almost all patients having disease, PPV 
goes to 1 and NPV vanishes.)

The Bayesian insight can now be stated that diagnos-
tic or predictive tests are only applied to populations of 
patients who are somewhat likely to test positive but not 
“excessively” so. If patients who are very likely to test 
positive are tested, then a positive test is confirmatory 
and a negative result may be more likely a FN than a TN 
result. Similarly, if the tested population is very unlikely 
to have the specified disease, then a negative test is only 
confirmatory and a positive test is more likely a FP rather 
than a TP result.

Meta-Analysis
The statistical strength of a clinical investigation is gener-
ally related to the size of the patient population. Unfor-
tunately, because of the expense, difficulty, and poor 
patient availability, many clinical studies involve small 
study groups with conclusions that may have poor statis-
tical power. The technique of meta-analysis can be used 
to join relatively similar groups to achieve a total popula-
tion size where the outcome can have computed statis-
tical validity. This may either combine the evidence to 
support a conclusion or show variability between study 
groups that may reduce the believability of the conclu-
sion. Of course, such combining of different research 
projects makes the possibly tenuous assumption that all 
the groups are similar in both participants and interven-
tions. The combination of several studies of the same 
question may correct for a systematic error at one local 
site but is also vulnerable to bias because the combination 
will be weighted to favor groups with larger numbers of 
participants.

Propensity Scoring
This popular correction scheme has been used to com-
pare different groups of subjects in a clinical trial when 
the groups are not necessarily identical. By computing 
correction factors for various initial risks, the groups can 
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be made to appear similar enough to be matched; there-
fore, the outcome of a study comparing the groups can be 
regarded as comparing genuinely similar groups. These 
correction factors are termed propensity scores because 
they balance out the propensity of the differing groups 
to respond to the studied intervention and, hence, can 
provide an unbiased estimation of a treatment effect. 
Although the scoring methods can be mathematically 
validated by making multiple comparisons within the 
groups or using other groupings, the technique seems 
open to question about subtle bias.

EVIDENCE-BASED MEDICINE

Making judgments in science is an intricate process. Med-
ical decision making is formed by theoretical reasoning, 
extrapolation from empirical data, traditional conven-
tions, and, often, local authorities. Most modern phi-
losophers of science recognize that the old view of the 
scientific method as a totally unbiased approach to the 
interpretation of raw data is naive. All the data collected 
in any experiment are created, selected, and interpreted 
within the context of a theory-based view of the world. 
Science is the derivation of a set of generalized laws, con-
sistent with each other, based on empirical data, and able 
to predict or explain further data. Often, more than one 
theoretical explanation can be generally given for any 
one set of data. The choice of a scientific explanation, 
similar to the choice of a statistical test, is always based 
on a prior understanding of the data and experimental 
situation.

All this being the case, it must still be stressed that 
modern medicine has passed from the era when practice 
and art were sufficient justification for medical decision 
making. Evidence-based medicine is the fashionable term 
for the approach to medical decision making in which 
careful use is made of the applicable experimental scien-
tific data. Controlled clinical trials and large-scale obser-
vational studies are important methods for this approach. 
A meta-analysis is a report of data that combines results 
from multiple similar studies to create a statistically 
more powerful study with many more data points and 
a better opportunity to come to a statistically significant 
conclusion.

The practicing clinician has many sources that ana-
lyze empirical evidence and provide guidance for medi-
cal decisions. Governmental groups and private medical 
organizations have produced many guidelines and clini-
cal practice documents that assess the quality of available 
evidence and make suggestions. To give further guidance, 
these suggestions may also be ranked by confidence. The 
most reliable data backed by well-established theories 
would give recommendations with the greatest weight. 
Reports that are backed by weaker data, such as uncon-
trolled studies, give recommendations with less confi-
dence in the evidence.
SUMMARY

Clinicians use statistical methodology to both analyze 
their own data and assess the value of others’ scientific 
reports. Because data analysis is generally the application 
of one of a number of commercial computer packages, 
each with its own menus, formatting, and subtle caveats, 
the most valuable suggestion to the budding statistician 
is to know the program, read the manual, and plot the 
data. The human visual system is well adapted to recog-
nize groups and trends—if the conclusions do not appear 
like they fit the data, then caution and skepticism are 
prudent.

When assessing the value of a scientific report, a careful 
clinician reads the methods section and asks the questions 
suggested earlier: Are the subjects selected to minimize 
bias? Are the statistical methods appropriate? Is the study 
large enough to be statistically powerful? Are the conclu-
sions warranted by the evidence? Can the conclusions 
from this study be extended to cover more general cases, 
or do they apply only to the limited situation under study?

Finally, despite the best statistical approaches and the 
most careful experimental procedures, a wise clinician rec-
ognizes that even some apparently well-done experiments 
can yield erroneous conclusions. A study that produces an 
important clinical conclusion, especially one that seems 
to change tradition or violate previous theoretical under-
standing, bears confirmation by another group using dif-
ferent patients in a different setting. Healthy skepticism is 
the basis of good statistics and good science.

BiBliography

STANDARD STATISTICAL COMPUTER PACKAGES
Instat, GraphPad Software, San Diego, California.

A simple, very user-friendly program with good built-in help.
JMP, SAS Institute, Cary, North Carolina.

The SAS group’s simple stand-alone program. Although relatively simple 
when compared with the full SAS program, its completeness leads to some 
complexity for the beginner.

SPSS, SPSS Inc., Chicago, Illinois.
A full-featured, expensive, and very powerful program that is accessible to 

the nonprofessional statistics user. The help files are usable and exhaustive.
SAS, SAS Institute, Cary, North Carolina.

Expensive, very complex, very powerful. This standard package of pro-
grams is the one most commonly used by professional biomedical statisti-
cians. Not for the amateur.

(Note: Many simple and midlevel statistical programs are available, all 
of which require careful reading of the manual to be reliable!!)

SELECTED INTRODUCTORY STATISTICS TEXTS
Altman D: Practical statistics for medical research, Boca Raton, Fla, 1990, 

CRC Press.
Well organized and complete. A good course textbook.
Dawson B, Trapp RG: Basic & clinical biostatistics, New York, 2004, 

McGraw-Hill.
Suitable for self-study, fairly complete.
Feinstein A: Clinical epidemiology, Philadelphia, 1985, Saunders.
Enormously insightful about the structure and problems of clinical 

research. A classic worth looking at.
Glantz S: Primer of biostatistics, New York, 2011, McGraw-Hill.
Very clear, very popular; also has a very simple-to-use statistics pro-

gram that may be purchased with the book.

http://refhub.elsevier.com/B978-0-7020-5283-5.00111-9/ref0010
http://refhub.elsevier.com/B978-0-7020-5283-5.00111-9/ref0010
http://refhub.elsevier.com/B978-0-7020-5283-5.00111-9/ref0015
http://refhub.elsevier.com/B978-0-7020-5283-5.00111-9/ref0015
http://refhub.elsevier.com/B978-0-7020-5283-5.00111-9/ref0020
http://refhub.elsevier.com/B978-0-7020-5283-5.00111-9/ref0025


C h a p t e r  1 1 2

Evaluation and Classification  
of Evidence for the ASA Clinical  
Practice Guidelines
RICHARD T. CONNIS • DAVID G. NICKINOVICH • ROBERT A. CAPLAN •  
JEFFREY L. APFELBAUM
findings must be succinct, clear, and transparent, so that 
The proliferation of practice guidelines in medicine is 
accelerating as physicians and professional organizations 
seek to improve patient safety and reduce preventable 
causes of illness and death. Numerous practice guidelines 
are developed and published by medical specialty groups 
each year, and they constitute a major resource for clini-
cal practice.1-3 Although these documents have certain 
features in common (e.g., literature review, consensus 
formation), the process by which guidelines are developed 
has not been uniform.4-6 Guidelines that use a consistent 
and transparent methodology for combining multiple 
diverse evidentiary sources are more likely to be under-
stood and implemented in everyday practice.

Since 1991, the American Society of Anesthesiologists 
(ASA) has employed a methodology that entails a thor-
ough evaluation of evidence to formulate guidelines and 
practice parameters for its 48,000 members and other 
health care providers. The underlying principle of this 
process is that evidence from diverse sources (not just the 
scientific literature) can be rigorously collected, sorted, 
assessed, and usefully synthesized (Fig. 112-1). The key 
steps in this process are (1) collection and organization of 
literature, (2) literature evaluation and mitigation of bias, 
(3) aggregation and classification of literature-based evi-
dence, (4) evaluation of opinion-based evidence, and (5) 
a protocol for organizing and integrating the aggregated 
evidence. In the following sections, we describe the major 
features of these five key steps.

COLLECTION AND ORGANIZATION  
OF LITERATURE

The collection and assessment of scientific information 
begin with the identification of a specific clinical prob-
lem or issue. The selected issue is subsequently defined 
in terms of patient and clinical characteristics, prac-
tice settings, treatment or administrative providers, the 
intended users of the guideline, and an explicit set of 
inclusionary and exclusionary criteria. Next, statements 
that formally describe measurable relationships or “evi-
dence linkages” between interventions and outcomes are 
specified.7 Each treatment or intervention in an evidence 
linkage includes an indication of how, under specified 
conditions, it is expected to be associated with an out-
come. Third, the evaluation and reporting of literature 
potential biases originating from the design, implemen-
tation, or reporting of a study can be identified.8,9 When 
the clinical problem or issue has been sufficiently defined 
and the evidence linkages delineated, a comprehensive 
and systematic literature search can then be initiated.

As an initial screening tactic, articles are vetted by the 
working group or “task force” of 8 to 12 individuals from 
relevant diverse backgrounds (e.g., generalists, subspecial-
ists, private or academic practitioners, methodologists) 
and different geographic regions so as complete an array 
of articles germane to the focus of the guideline as pos-
sible is targeted and selected. A comprehensive literature 
search attempts to capture all relevant articles identified 
through both electronic and manual searches. The search 
is systematic to the extent that it is guided by the defined 
boundaries of the search protocol and the expected out-
comes associated with the identified clinical interven-
tions. Use of a methodology that properly incorporates a 
comprehensive and systematic literature search protocol 
can reduce potential biases that may not otherwise be rec-
ognized during a less rigorous search.10

Once the initial literature search is complete, the 
review, evaluation, and data extraction process can begin. 
Organizing and summarizing data from a large number of 
articles are facilitated by using a “data extraction” spread-
sheet or table in which patient outcome data associated 
with each intervention are recorded and categorized 
(Tables 112-1 to 112-3). This tabular method of organiz-
ing outcome data, arranged by intervention, allows for 
the recording of critical analytic features (e.g., sample 
size, study design, and statistical parameters) of each 
study. This tabulation facilitates the narrative reporting 
of findings, as well as the recording of data that can subse-
quently be used for formal statistical analyses (i.e., meta-
analysis). Moreover, the presentation of outcomes in this 
format is useful for detecting whether different patterns 
of outcomes are associated with an intervention and can 
also highlight the occurrence of rare or unique outcomes.

LITERATURE EVALUATION  
AND MITIGATION OF BIAS

Because a guideline focuses on a specific clinical prob-
lem or issue, relevant literature is identified based on 
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Collection of
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Figure 112-1. Evidence process flowchart.
the appropriateness of the patient sample and the rel-
evance of the treatments or interventions identified 
in the various studies under review. In addition to a 
detailed recording of the clinical outcomes reported in 
each reviewed study, studies are also evaluated on the 
basis of research design, sample size, scale of measure-
ment, power, and other traditional statistical param-
eters. The outcome findings reported in these studies are 
aggregated only if the patients in the different studies 
received essentially the same type of treatment and if 
similar types of patients (e.g., adult or pediatric patients, 
emergency or elective case patients) are represented in 
the studies. Each of these safeguards is predicated on an 
underlying concern with the identification and manage-
ment of bias.

Identifying and managing bias are critical to the effec-
tive collection and synthesis of evidence. In general, bias 
associated with scientific literature–based evidence can 
arise from five major sources: (1) the article selection pro-
tocol, (2) the review process, (3) the reporting of findings 
from a predetermined type of article, (4) the evaluation 
of study design and statistical techniques, and (5) the 
grading or weighting of study quality. As an integral part 
of the ASA methodology, procedures are followed to miti-
gate the impact of these sources of bias. Practical counter-
measures instituted for each type of bias are described in 
the following subsections.

ARTICLE SELECTION BIAS

One form of article selection bias occurs when studies 
are preferentially selected in the interest of promoting 
a viewpoint favored by the developers of a guideline. 
When individuals charged with reviewing and evaluat-
ing literature believe that a selected intervention is safe 
and effective, they may discount or exclude studies that 
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R COATING VERSUS NO  

n 
inistered Location Insertion Site

ICU *
ICU Sub

* IJ, sub, fem
ER, ICU IJ, sub, fem
* IJ, sub, fem

ICU IJ, sub, fem

ICU IJ, EJ, sub, 
fem

* Jug, sub
ICU IJ, sub, fem
* IJ, sub, fem

OR, bedside IJ, sub

ICU IJ, sub, fem
ICU, ward *

ICU *

ICU IJ, sub

* Jug, sub, fem

r induct OR Sub
* Right IJ

r induct OR *

A esthesiologists; CABG, coronary artery bypass 
 EJ, external jugular; ER, emergency room; fem, 
o statistics reported; NR, nonrandomized; O, 
parative statistics related to evidence linkage.

*

S

TABLE 112-1 EXAMPLE OF A DATA EXTRACTION SPREADSHEET: CHLORHEXIDINE AND SILVER SULFADIAZINE CATHETE
COATING: OVERVIEW*

Author (yr)
Letter/
Abstract

Research 
Design Blinding Statistics

No. of 
Subjects

Health/ASA 
Status

Patient’s 
Age

Type of 
Procedure

Purpose of 
CVC

Whe
Adm

Randomized Controlled Trials
Bach (1996) * RA * Y 233 * * * *
Brun-Buisson 

(2004)
* RA * Y 366 * m = 59 * *

Ciresi (1996) * RA * Y 191 Malnutrition m = 56 * TPN *
Collin (1999) * RA * Y 119 Trauma, surg m = 47 * * *
George (1997) * RA * Y 60 * 19-60 Heart, lung 

trans
* *

Hannan (1999) * RA * Y 228 Renal failure m = 60 * * *

Heard (1998) * RA * Y 308 * m = 56 Vasc, gen surg * *

Logghe (1997) * RA * Y 538 Malignancy m = 51 * * *
Maki (1997) * RA I, O Y 158 * m = 48 * * *
Ostendorf 

(2005)
* RA DB Y 184 Oncologic m = 52 Chemotherapy * *

Permerton 
(1996)

* RA * Y 88 Panc cancer m = 49 * TPN *

Rupp (2005) * RA DB Y 780 Neoplasm m = 61 * * *
Tennenberg 

(1997)
* RA * Y 282 * m = 59 * TPN *

van Heerden 
(1996)

* RA * Y 54 APACHE II m = 49 * Drug 
admin

*

Nonrandomized Comparative Studies
Loo (1998) * NR * Y 125 APACHE II m = 50 * * *
Observational Studies, Case Reports, or Nonpertinent Comparison Groups
Darouiche 

(1999)
* RA * D 382 Cardiopulm m = 56 * * *

Oda (1997) * CR * N 1 Diabetes 47 Hysterectomy * Afte
Stephens 

(2001)
* CR * N 1 Diabetes 50 CABG * *

Terazawa 
(1998)

Letter CR * N 1 Nerve palsy 28 Surg * Afte

sterisks within table columns, no information; admin, administration; APACHE II, Acute Physiology and Chronic Health Evaluation II; ASA, American Society of An
graft; Cardiopulm, cardiopulmonary; CR, case report; CVC, central venous catheter; D, descriptive statistics only related to evidence linkage; DB, double-blind;
femoral; gen, general; I, investigator blinding; IJ, internal jugular; ICU, intensive care unit; induct, induction; jug, unspecified jugular location; m, median; N, n
observer blinding; OR, operating room; panc, pancreatic; RA, randomized; sub, subclavian; surg, surgery; TPN, total parenteral nutrition; vasc, vascular; Y, com

Data shown are for illustrative purposes only. Detailed information can be found in the data extraction workbook of the Guidelines.
elected data from American Society of Anesthesiologists: Practice guidelines for central venous catheterization, Anesthesiology 116:539-573, 2012.
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NE CATHETER COATING VERSUS NO COATING: 

nspection 
ency Intervention 1 Intervention 2

Coated catheter No antiseptic coating
Coated catheter Standard uncoated

Coated catheter Standard uncoated
Coated catheter No antiseptic coating
Coated catheter Standard uncoated
Coated catheter Standard uncoated
Coated catheter No antiseptic coating
Coated catheter Standard uncoated
Coated catheter No antiseptic coating
Coated catheter Standard uncoated
Coated catheter Standard uncoated

Coated catheter No antiseptic coating
Coated catheter Standard uncoated

Coated catheter Standard uncoated

Coated catheter Standard uncoated

Coated catheter *
Coated catheter *
Coated catheter *
Coated catheter *
TABLE 112-2 EXAMPLE OF A DATA EXTRACTION SPREADSHEET: CHLORHEXIDINE AND SILVER SULFADIAZI
CATHETERIZATION SPECIFICS*

Author (yr) Catheter Type No. of Lumina Catheter Fixation Type of Dressing
Catheterization 
Duration (days)

Site I
Frequ

Randomized Controlled Trials
Bach (1996) Coated vs no Double-triple * * * *
Brun-Buisson 

(2004)
Coated vs no Single-double * * m = 8 vs 9 *

Ciresi (1996) Coated vs no Triple * * m = 12.9 vs 11.5 *
Collin (1999) Coated vs no Triple Suture Iodine ointment m = 9.0 vs 7.3 *
George (1997) Coated vs no Multilumen * Bioocclusive * Daily
Hannan (1999) Coated vs no Triple Suture Semiocclusive m = 7.5 vs 7.6 48 hr
Heard (1998) Coated vs no Triple * Transparent * 48 hr
Logghe (1997) Coated vs no Multilumen * * m = 20 48 hr
Maki (1997) Coated vs no Triple * * m = 6.0 Daily
Ostendorf (2005) Coated vs no Double Tape Transparent m = 12.3 vs 10.8 *
Pemberton 

(1996)
Coated vs no * * Occlusive 

transparent
* 5/wk

Rupp (2005) Coated vs no Triple * * m = 5.1 vs 5.9 *
Tennenberg 

(1997)
Coated vs no Double-triple * * * *

Van Heerden 
(1996)

Coated vs no Triple * Transparent m = 5 *

Nonrandomized Comparative Studies
Loos (1998) Coated vs no Triple * * m = 6.6 *
Observational Studies, Care Reports, or Nonpertinent Comparison Groups
Darouiche (1999) Coated * * * m = 8.2 *
Oda (1997) Coated * * * * *
Stephens (2001) Coated * * * * *
Terazawa (1998) Coated * * * * *

Selected data from American Society of Anesthesiologists: Practice guidelines for central venous catheterization, Anesthesiology 116:539-573, 2012.
Asterisks within table columns, no information; m, median.
*Data shown are for illustrative purposes only. Detailed information can be found in the data extraction workbook of the Guidelines.
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TABLE 112-3 EXAMPLE OF A DATA EXTRACTION SPREADSHEET: CHLORHEXIDINE AND SILVER SULFADIAZINE 
CATHETER COATING VERSUS NO COATING: INFECTIONS AND OTHER COMPLICATIONS

Author (yr) Type of Infection Infectious Complications Other Outcomes

Randomized Controlled Trials
Bach (1996) Colonization (20.7% vs 38.5%) * *
Brun-Buisson (2004) Colonization (3.7% vs 13.1%); bloodstream 

(18.6% vs 20.6%); sepsis (2.1% vs 6.3%)
* *

Ciresi (1996) Colonization (10.9% vs 12.1%); bloodstream 
(3.7% vs 8.1%)

* *

Collin (1999) Colonization (2% vs 18%) * *
George (1997) Colonization (23% vs 71%); bloodstream (9% 

vs 29%)
* *

Hannan (1999) Colonization (27.2% vs 40.2%); bloodstream 
(0.6% vs 1.7%); sepsis (1.7% vs 4.5%)

* *

Heard (1998) Colonization (40% vs 52%); bacteremia (3.3% 
vs 3.8%)

* *

Logghe (1997) Bacteremia (5.0% vs 4.7%) * *
Maki (1997) Colonization (13.5% vs 24.1%); bloodstream 

(1.0% vs 4.6%); gram-negative bacilli (0% vs 
4.1%)

Tenderness, pain *

Ostendorf (2005) Colonization (12% vs 33%); bacteremia (3.3% 
vs 7.4%)

* *

Pemberton (1996) Site infection (12% vs 10%); sepsis (6% vs 8%) * *
Rupp (2005) Colonization (9.3% vs 16.3%) * *
Tennenberg (1997) Colonization (28% vs 49%); local infection 

(5.8% vs 22.4%); septicemia (3.8% vs 6.4%)
* *

Van Heerden (1996) Colonization (13% vs 38.5%) * *
Nonrandomized Comparative Studies
Loos (1998) Colonization (15.6% vs 30.9%); bacteremia 

(3.9% vs 3.7%)
* *

Observational Studies, Care Reports, or Nonpertinent Comparison Groups
Darouiche (1999) Colonization (22.8%) * *
Oda (1997) * * Anaphylactic shock, hypotension, 

tachycardia, erythema
Stephens (2001) * * Hypotension, erythematous rash, 

cardiac arrest
Terazawa (1998) * * Anaphylactic reaction, 

hypotension, tachycardia, 
erythema

Asterisks within table columns, no information.
report contrary findings.11 To safeguard against this type 
of bias, the literature used in the development of ASA 
guidelines is compiled from as large a collection of pub-
lished articles as possible. The extensiveness of the ASA 
search protocol is immensely aided by the diverse clini-
cal backgrounds and experiences of the task force partici-
pants, as noted earlier. This diversity helps ensure that 
the set of articles selected by the task force is as compre-
hensive as possible.

Article selection bias can also arise when editorials, let-
ters, and position papers are used as sources of scientific 
evidence. These types of articles are often written to pro-
mote a particular point of view regarding an intervention 
or outcome of concern. Although some editorials and 
letters are informative and well documented, they likely 
have not been subjected to the same level of peer review as 
original research papers. The authors of these articles may 
or may not be experts, may rely on a narrowly selected 
subset of the literature, or may have intentionally written 
the article to be “controversial.” Although these articles 
may be useful in highlighting certain clinical concerns 
or problems, they are not recognized as valid sources of 
literature-based evidence.

REVIEWER BIAS

Reviewer bias may occur when only one reviewer or type of 
professional (e.g., a biostatistician) extracts data and inter-
prets study findings. Such a reviewer may not be fully cog-
nizant of the constraints of the data or the proper context 
for analyzing and interpreting the reported findings (e.g., 
whether to combine data from studies that use different 
types of drugs, dosage levels, or routes of administration). 
Ideally, several individuals, including at least one clinician 
from each relevant subspecialty, should independently 
review all the literature. However, when several hundred 
studies must be reviewed, time and cost constraints pro-
hibit such scrutiny. The ASA addresses this problem by 
conducting a “reliability check” during the development 
of each guideline. This reliability check entails the inde-
pendent review of a randomly selected sample of articles 
by at least two methodologists (i.e., experts in research 
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Please review your assigned literature and complete one form for each study:

1.  Name of task force member_______________________________________________

2.  Name of first author of article and date______________________________________

3.  What type of experimental design was used in this study? (Circle the one best answer)
 A.  None (e.g., editorial, case report)
 B.  Observational design (e.g., medical records review, closed-claims)
 C.  Prospective nonrandomized comparative (e.g., quasi-experimental, cohort)
 D.  Randomized controlled trial (e.g., randomized clinical trial)

4.  What type of data analysis was used in this study? (Circle the one best answer)
 A.  None (e.g., editorial, case report, multiple case descriptions with no data)
 B.  Descriptive statistics (e.g., percentages, frequencies)
 C.  Associative statistics (e.g., correlations, regression analysis)
 D.  Comparative statistics (e.g., t-test, Mann-Whitney U, Kruskall-Wallace W)

5.  Which evidence linkage does this article best represent? (Circle the one best answer)
  1. None     12. TENS
  2. History, PE & psychological evaluation  13. Epidural steroids
  3. Interventional diagnostic procedures  14. Intrathecal drug therapies
  4. Multidisciplinary programs   15. Anticonvulsants
  5. Thermal intradiscal procedures  16. Antidepressants
  6. Radiofrequency ablation   17. NMDA receptor antagonists
  7. Acupuncture    18. Opioid therapy
  8. Joint blocks     19. Topical agents
  9. Nerve or nerve root blocks   20. Physical therapy
10. Botulinum toxin injections   21. Psychological treatment or counseling
11. Neuromodulation with electrical stimulus 22. Trigger point injections

6.  Do you have a second choice for a linkage representation? (indicate number from above)_____

7.  Do you think this article should be included in the database?  Yes_____ No_____

8.  (Optional).  If “No” in question #7 above was selected, briefly indicate below why you think the 
article should not be included (back of page can be used for additional space).

1 Survey form used in the development of the American Society of Anesthesiologists “Practice Guidelines for Chronic 

Pain Management: an Updated Report,” Anesthesiology 2010; 112:810-833

Practice Guidelines for Chronic Pain Management: Reviewer Reliability Form1

American Society of Anesthesiologists

Figure 112-2. Example of a reviewer reliability form.
design and analysis) and task force members. To ascertain 
whether bias has been introduced into the review process, 
a formal reliability assessment is conducted using a pre-
determined reliability form (Fig. 112-2). The information 
collected on this form is then assessed using sensitivity 
analysis,12-17 and the findings obtained from this reliabil-
ity assessment are reported in the guideline.

REPORTING BIAS

Reporting bias can result when only findings from a 
selected pool of literature are reported in the guidelines. 
Sometimes referred to as reporting the “best available lit-
erature,” this form of bias attributes greater importance 
to certain types of literature (e.g., randomized controlled 
trials [RCTs]) while disregarding other types of literature 
(e.g., observational studies or case reports). This whole-
sale removal from consideration of findings from entire 
categories of evidence risks the underreporting of certain 
outcomes (e.g., rare or severe adverse effects) and the 
potential misrepresentation of benefits or harms associ-
ated with an intervention. To attenuate the impact of 
this type of bias, the ASA search protocol is not restricted 
to any particular type of literature and, in fact, deliber-
ately searches for published case reports to ensure that 
the range of outcomes associated with any intervention 
is adequately covered.

BIAS ASSOCIATED WITH STUDY DESIGN

Study bias is a primary concern in any process of inquiry, 
and deliberate actions are needed to constrain its impact. 
The design features of RCTs provide, in principal, for an 
unbiased evaluation of the impact of an intervention 
and exemplify the “gold standard” for causal inference. 
Moreover, the prospective feature of the RCT avoids the 
problem of sequence timing because it mandates that any 
exposure to an intervention must appropriately precede 
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in time any measurement of outcome. Random alloca-
tion helps ensure that the reported findings are relatively 
unaffected by unmeasured risk factors or subject (patient) 
characteristics.18 Comparability across study groups is 
facilitated, and the implied similarity in composition 
of study groups controls for potential confounding fac-
tors, whether measured or not.19 The validity of findings 
obtained from RCTs is thus based on the extent to which 
the random assignment of patients to the different study 
groups equalizes the distribution of unmeasured patient 
risk factors or tendencies across study groups.

However, the gold standard status of RCTs assumes that 
they are conducted in full accordance and compliance 
with the formal design features of these studies. Problems 
can arise when compliance with the randomization pro-
tocol is not followed; moreover, inadequately concealed 
allocation or lack of blinding can produce assessment bias 
and overestimation of treatment effects. Additionally, it 
is important to assess whether important changes have 
occurred in the study population during the course of the 
study and to ensure that the study population adequately 
represents an important clinical population. Although 
many of these potential issues reside outside the domain of 
the task force, the last issue related to the clinical salience 
of study populations is directly addressed by the task force 
when precisely stipulating the focus of the guideline.

As previously noted, RCTs may underreport some 
important outcomes or may fail to identify rare outcomes. 
RCT findings may not be as specific or as thorough as those 
reported in non-RCT studies, which often provide more 
detailed lists of complications or adverse effects. Thus, 
exclusively focusing on RCTs may result in the under-
reporting or even nonreporting of important outcomes. 
RCTs can also be subject to nonrandom variability, which 
can arise from several sources, including the manner in 
which a study was conducted or early termination of a 
study.19-21 At any point in the process (e.g., research design, 
identifying and measuring outcomes, analyzing the data, 
or reporting findings), nonrandom bias can misrepresent 
the effect size of an intervention, and the magnitude of 
this misrepresentation can vary by clinical topic.22-28

RCTs can provide evidence regarding the efficacy of an 
intervention, but they may be limited in their scope of 
inquiry.6,9,29-31 Many important clinical questions are not 
or cannot be evaluated by RCTs, such as the incidence 
of a particular medical condition in the general popula-
tion or patient subgroup characteristics associated with 
the risk of having a disorder. For many clinical issues, an 
RCT may not be conducted because of ethical concerns, 
legal restrictions, or feasibility constraints. To control for 
these problems, the ASA process incorporates the collec-
tion and evaluation of outcome data published in both 
RCT and non-RCT studies.

Although the absence of RCT evidence should not be 
regarded as the lack of evidence, findings associated with 
nonrandomized studies should be regarded with caution. 
Nonrandomized prospective studies, even those designed 
to minimize selection bias (e.g., quasiexperimental, 
cross-sectional, or cohort designs), risk the introduction 
of biases such as the overestimation of treatment effects 
or potential intragroup noncomparability.32,33 Simi-
lar caution is needed when interpreting the findings of 
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retrospective studies, (e.g., case-control studies) or, more 
generally, any study based on sampling by outcome. 
Nonetheless, when properly interpreted, observational 
studies can be of value in identifying potential covariates 
and in generating new testable hypotheses, but they do 
not provide direct causal evidence.

In an attempt to adjust or control for confounding 
features of observational studies, various statistical tech-
niques, such as linear modeling with covariate adjust-
ments and propensity score analysis, can be used.34,35 
These procedures tend to minimize nonrandom assign-
ment bias by adjusting for potential influences of 
observed covariates, but they can never fully mitigate the 
bias introduced by unmeasured variables.36,37 Statistical 
procedures are useful to show that the data may not sup-
port a valid estimate of causal effect; however, most obser-
vational studies lack the capability to evaluate the effect 
of confounding variables. As noted in the ASA “Practice 
Advisory for Preanesthetic Evaluation,”38 multiple exam-
ples of confounding-based bias from observational data 
can be found in the preoperative diagnostic and testing 
literature, such as the absence or inability to blind the 
surgical team to the preoperative test findings, thereby 
potentially influencing the perioperative management of 
patients and confounding the association between preop-
erative testing and postoperative outcomes.

Thus, although RCTs represent the best available lit-
erature in terms of the accurate and valid assessment 
of effectiveness, the ASA search protocol includes other 
types of studies that may provide the best sources of evi-
dence related to outcomes not evaluated by RCTs. To pro-
vide a comprehensive blend of evidence, the full range 
of outcomes must be reported regardless of study design.

BIAS ASSOCIATED WITH GRADING THE 
QUALITY OF RESEARCH

During the formulation of practice guidelines, formal sys-
tems for grading and weighting the quality of research 
studies are often used. Many different grading systems are 
available, some of which are based on earlier classifica-
tion systems that graded RCTs on the basis of research 
design and data analysis criteria.39-41 Although these grad-
ing systems are commonly used, they nevertheless can be 
subject to biases that limit their ability to determine the 
quality of the reported literature accurately.42

An accurate grade relies on full disclosure in the pub-
lished studies of information pertinent to study design 
and analysis criteria. When a portion of this information 
is lacking, the assigned grade can be directly affected. For 
example, a well-designed, double-blind study may omit 
information pertinent to concealment of allocation. Even 
if the study did, in fact, effectively conceal allocation, it 
would not be reflected in the assigned grade because this 
information was not reported in the published article. 
Realistically, little can be done to manage this type of bias 
other than focusing on the aggregated studies as a quality 
indicator.

In addition, attributing a single weight to an interven-
tion risks the introduction of bias because interventions 
are typically associated with any number of qualitatively 
different outcomes. For example, a pain medication may 
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reduce the occurrence of pain but may also increase the 
likelihood of vomiting. A reviewer must then judge which 
of the outcomes is the more clinically important. In some 
cases, the importance of one outcome compared with 
others is obvious (e.g., mortality versus satisfaction). In 
many other instances, a hierarchy of clinical importance 
is not clear, and a reviewer’s judgment in pooling rele-
vant outcomes to make global determinations of efficacy 
would thus be required. Rather than expose the guideline 
to this potential source of bias, the ASA separately cat-
egorizes the evidence for an intervention on the basis of 
each specific reported outcome. Separate findings for each 
outcome found to be associated with an intervention are 
then reported in the document. This level of transpar-
ency is a hallmark of the ASA process.

Finally, bias in quality assessment may also be gener-
ated when the reviewer is influenced by factors extrane-
ous to the merits of the study under review. For example, 
the reviewer may have an opinion regarding journal 
quality or may have personal knowledge about study 
authors that can subtly or unknowingly influence deci-
sions regarding quality. In some cases, the reviewer may 
have information about a study that was not reported 
in the publication, thereby affecting the reviewer’s judg-
ment when determining the grade for a study. This is 
mitigated by the ASA process through the use of mul-
tiple reviewers. The recognition and containment of 
potential bias when grading literature are other concerns 
that must be addressed when attempting to control the 
impact of bias.

AGGREGATION AND CLASSIFICATION  
OF LITERATURE-BASED EVIDENCE

On completion of the literature review and recording of 
clinical outcome data, evidence obtained from the aggre-
gated literature is reported in the guideline. The ASA 
uses a standardized classification system based on study 
design that permits the reader of a guideline to under-
stand the source of literature-based evidence clearly. This 
evidence can range from meta-analytic findings obtained 
from RCTs to outcomes published in case reports.

Findings for the aggregated literature are classified by 
evidence category, level, and direction (i.e., benefit versus 
harm). Evidence categories refer specifically to the research 
design of the studies specific to each evidence linkage (i.e., 
intervention-outcome set). Category A evidence repre-
sents results obtained solely from RCTs, whereas category 
B evidence represents observational results obtained from 
nonrandomized study designs, RCTs without pertinent con-
trols, or case reports. When available, category A evidence 
receives precedence over category B evidence in the report-
ing of results in a published guideline. Evidence categories 
are further divided into evidence levels. Evidence levels refer 
specifically to the strength and quality of the summarized 
study findings (i.e., statistical findings, the type of data, and 
the number of studies reporting or replicating the findings) 
within the two evidence categories. Finally, a designation 
of benefit, harm, or equivocality for each outcome is docu-
mented. This system thus provides a clear and concise cat-
egorization of literature-based evidence (Box 112-1).
EVALUATION OF OPINION-BASED 
EVIDENCE

Although literature can provide compelling evidence 
regarding benefits or harms associated with an interven-
tion, its value is often complemented by considering and 
synthesizing opinion-based evidence. These opinions often 
bear on issues that are critical to the acceptance and imple-
mentation of guidelines in clinical practice, such as resource 
utilization, cost, and workplace feasibility. During the devel-
opment of guidelines by other organizations, this type of 
information is often overlooked, discounted, or given only 
brief consideration. Conversely, opinion-based evidence is 
systematically collected by the ASA to evaluate the extent to 
which the literature-based evidence and the specific recom-
mendations formulated within a guideline are congruent 
with practitioners’ experience and patient care.43-45

Category A: Randomized controlled trials (RCTs) report comparative 
findings between clinical interventions for specified outcomes. 
Statistically significant (P < .01) outcomes are designated as 
either beneficial (B) or harmful (H) for the patient; statistically 
nonsignificant findings are designated as equivocal (E).
Level 1: The literature contains a sufficient number of RCTs to 

conduct meta-analysis,* and meta-analytic findings from 
these aggregated studies are reported as evidence.

Level 2: The literature contains multiple RCTs, but the number 
of RCTs is not sufficient to conduct a viable meta-analysis 
for the purpose of these guidelines. Findings from these 
RCTs are reported as evidence.

Level 3: The literature contains a single RCT, and findings 
from this study are reported as evidence.

Category B: Observational studies or RCTs without pertinent com-
parison groups may permit inference of beneficial or harmful 
relationships among clinical interventions and outcomes. 
Inferred findings are given a directional designation of benefi-
cial (B), harmful (H), or equivocal (E). For studies that report 
statistical findings, the threshold for significance is P < .01.
Level 1: The literature contains observational comparisons 

(e.g., cohort, case-control research designs) among clini-
cal interventions for a specified outcome.

Level 2: The literature contains observational studies with as-
sociative statistics (e.g., relative risk, correlation, sensitivity 
and specificity).

Level 3: The literature contains noncomparative observational 
studies with descriptive statistics (e.g., frequencies,  
percentages).

Level 4: The literature contains case reports.
Insufficient Literature: The lack of sufficient scientific evidence 

in the literature may occur when the evidence is either 
unavailable (i.e., no pertinent studies found) or inadequate. 
Inadequate literature cannot be used to assess relationships 
among clinical interventions and outcomes because such 
literature does not permit a clear interpretation of findings 
as a result of methodologic concerns (e.g., confounding in 
study design or implementation) or does not meet the cri-
teria for content as defined in the “Focus” of the guidelines.

BOX 112-1 American Society of 
Anesthesiologists Literature Classifications

*All meta-analyses are conducted by the American Society of Anesthe-
siologists methodology group. Meta-analyses from other sources are 
reviewed but are not considered a source of original evidence.
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Thank you for agreeing to serve as a consultant to the American Society of Anesthesiologists 
Task Force on Infectious Complications Associated with Neuraxial Techniques.  Below are topics 
that are important in the development of our “Practice Advisory for the Prevention, Diagnosis and 
Management of Infectious Complications Associated with Neuraxial Techniques.”  Please respond
by checking the items below which best represent your opinion.

I.  Prevention of Infectious Complications
Associated with Neuraxial Techniques:

     

1a.  A history, physical examination, and
review of relevant laboratory studies
should be conducted prior to performing
neuraxial techniques

1b.  A history, physical examination, and
review of relevant laboratory studies
is useful in identifying patients at increased
risk of infectious complications prior
to performing neuraxial techniques

For patients determined to be at risk of infectious complications:

2a.  The decision to select a neuraxial
technique should be made on
a case-by-case basis

2b.  Alternatives to neuraxial techniques
should be considered

2c.  Consider the evolving medical status
of the patient when selecting a neuraxial
technique

3.    When a neuraxial technique is selected
in a known or suspected bacteremic
patient, pre-procedure antibiotic therapy
should be administered

4.    Lumbar puncture should be avoided in
a patient with a known epidural abscess

1 Selected items from a consultant survey form used in the development of the American Society of Anesthesiologists 

“Practice Advisory for the Prevention, Diagnosis, and Management of Infectious Complications Associated with Neuraxial 

Techniques,” Anesthesiology 2010; 112:530-545

Practice Guidelines for the Prevention, Diagnosis and Management of Infectious
Complications Associated with Neuraxial Techniques1 

American Society of Anesthesiologists

Strongly
agree

Strongly
disagreeAgree Uncertain Disagree

Figure 112-3. Example of an expert consultant survey.
Continued
As with the literature, opinion-based evidence can be 
obtained from a variety of sources, and each source must 
be independently and thoroughly examined. Explicitly 
designed surveys are one means of systematically collect-
ing opinion-based evidence.46 For the ASA, the primary 
(but not exclusive) source of such information involves 
opinions obtained from surveys of experts and from a 
broad base of clinicians and other health care profession-
als.43,44 The ASA guideline task force then identifies and 
critically reviews (1) the intended sampling frame, (2) the 
anticipated size of the response sample, (3) the expected 
response rate, (4) the specific wording of the questions, 
and (5) the manner in which the responses will be 
recorded. Formal standardized surveys are then sent to 75 
to 150 “expert consultants” selected by members of the 
task force, as well as to a random sample of up to 5000 
active members of the ASA.

Expert consultants are identified by the task force 
as individuals who are knowledgeable in the topics 
addressed by the guidelines and/or whose medical spe-
cialty or clinical practice is directly affected by the guide-
lines. The sampling frame for surveys sent to ASA 
members is the official registry of active members. A 
similar sampling frame is used for surveying members of 
subspecialty or other participating organizations. Iden-
tical surveys are sent to all groups, thereby permitting 
the clear recording of any “gap” or differences of opin-
ion between them. Survey questions are not designed 
to assess the efficacy of an intervention. The questions 
directly address whether each intervention identified in 
a proposed guideline should be performed; the opinions 
of the respondents are measured in terms of their level 
of agreement or disagreement with the proposed recom-
mendation (Fig. 112-3). Findings obtained from these 
surveys therefore provide a highly structured and perti-
nent source of evidence concerning the use of specific 
clinical interventions. These formal surveys generate a 
quantifiable source of opinion-based evidence that has 
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Aseptic techniques
     
5.    Aseptic techniques should always be

used during the placement of neuraxial
needles and catheters

6.    Aseptic techniques should include 
the following:

Removal of jewelry

Hand washing 

Wearing of sterile gloves

Wearing of caps

Wearing of gowns

Wearing of masks covering both mouth
and nose 

Changing masks before each new case

Use of individual packets of antiseptics for
skin preparation

Sterile draping of the patient

Use of sterile occlusive dressings at the
catheter insertion site

7.    Which skin preparation solution do you prefer
prior to performing a neuraxial technique?
Please rank the following solutions from:
1 (most preferred) to 5 (least preferred)
Use only one rank per item

Chlorhexidine 

Chlorhexidine with alcohol

Povidone-iodine 

Povidone-iodine with alcohol

Any other solution

8.    Bacterial filters should be used during
continuous epidural infusion

9a.  Limit the disconnection and reconnection
of neuraxial delivery systems in order to 
minimize the risk of infectious complications

Strongly
agree

Strongly
disagreeAgree Uncertain Disagree

Figure 112-3, cont’d. 
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consistently proved to be invaluable in the develop-
ment and finalization of guideline recommendations.

To attenuate potential biases that inherently reside 
in opinion-based information, the formal surveys devel-
oped by the task force are designed to measure opinions 
directly related to the same topics addressed during the 
literature evaluation. The set of intervention-outcome 
linkages identified in the evidence model and used dur-
ing the search and evaluation of literature-based evidence 
is also used to formulate the individual items in the sur-
veys. Therefore, to control for possible bias associated 
with how questions are worded, the ASA surveys use iden-
tical language to that used in the proposed recommenda-
tions. This survey design feature minimizes the chance of 
misunderstanding or misinterpreting the wording used in 
the final guideline recommendations.

In the text of the guidelines, a narrative summary of 
survey responses is provided and is expressed either in 
terms of percentage response for categoric questions or 
edian values for the five-point response survey ques-
ions (Box 112-2). In addition, each practice guideline 

cludes tables reporting the complete range of responses 
o each survey question recorded for the expert consul-
ants, the broader sample of the randomly selected ASA 

embership and, when appropriate, members of other 
elated organizations (Fig. 112-4). This opinion-based 

formation elucidates and quantifies the opinions of 
rofessionals about the practicality and appropriateness 
f a proposed recommendation. Knowledge of the per-
entage of practitioners who do and who do not agree 
ith a proposed recommendation is critical to the final 
rticulation of a recommendation.

Besides information obtained from formal surveys, an 
formal source of opinion-based information is provided 

y the presentation and discussion of proposed recom-
endations at national meetings of physician organiza-

ions whose practice would be affected by the guidelines. 
lthough the information collected is not quantifiable, 
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Category A: Expert Opinion. Survey responses obtained from Ameri-
can Society of Anesthesiologists (ASA) task force–appointed 
expert consultants

Category B: Membership Opinion. Survey responses from a sample 
of members of the ASA and, when appropriate, responses from 
members of other organizations with expertise in the selected 
topics of interest
Survey responses may be dichotomous or are recorded us-

ing a five-point scale and summarized based on median 
values.*

Strongly Agree: Median score of 5 (at least 50% of the responses 
are 5)

Agree: Median score of 4 (at least 50% of the responses are 4 or 
4 and 5)

Equivocal: Median score of 3 (at least 50% of the responses are 
3, or no other response category or combination of similar 
categories contains at least 50% of the responses)

Disagree: Median score of 2 (at least 50% of responses are 2 or 
1 and 2)

Strongly Disagree: Median score of 1 (at least 50% of responses are 1)

BOX 112-2  American Society of Anesthesiologists Survey Classifications

*When an equal number of responses is obtained, the median value is determined by calculating the arithmetic mean of the two middle values. Ties 
are determined by a predetermined formula.

* Selected data from Apfelbaum JL, Hagberg CA, Caplan RA, et al: Practice guidelines for
   management of the difficult airway: an updated report by the American Society of Anesthesiologists
 Task Force on Management of the Difficult Airway. Anesthesiology, 2013;118:251-270.

1.   The likelihood and clinical impact of the 
following basic management problems
should be assessed:

Difficulty with patient cooperation or consent

Difficult mask ventilation

Difficult supraglottic placement

Difficult laryngoscopy

Difficult intubation

Difficult surgical airway access

2.   Opportunities to deliver supplemental oxygen 
should be actively pursued throughout the 
process of difficult airway management.

3.   The relative merits and feasibility of the following 
basic management choices should be considered:  

Awake intubation vs. intubation after 
induction of general anesthesia. 

Non-invasive technique vs. invasive 
technique for initial approach to intubation. 

Preservation of spontaneous ventilation
vs. ablation of spontaneous ventilation.  

Use of video-assisted laryngoscopy vs.
rigid laryngoscopic blades as an initial 
approach to intubation. 

4.   The following airway devices should be options 
for emergency non-invasive airway ventilation:

Rigid bronchoscope 

Fiberoptic bronchoscope 

Supraglottic airway 

5.   A videolaryngoscope should be included in 
the portable storage unit for difficult airway 
management. 

 6.   An airway history should be conducted, 
whenever feasible, prior to the initiation of 
anesthetic care and airway management in
all patients.

Strongly
agreeN2

Strongly
disagree

Percent responding to each item1

Agree Uncertain Disagree

60.6*66 0.033.3 3.0 3.0

93.9*66 0.06.1 0.0 0.0

75.8*66 0.021.2 1.5 1.5

84.8*66 0.010.6 4.6 0.0

89.4*66 0.09.1 1.5 0.0

71.2*66 0.024.2 4.6 0.0

86.4*66 0.010.6 1.5 1.5

78.8*66 0.019.7 1.5 3.0

54.5*66 0.034.8 9.1 1.5

74.2*66 1.521.2 1.5 1.5

48.566 1.525.8* 16.7 7.6

13.666 6.133.3 16.7* 30.3

69.7*66 3.012.1 3.0 12.1

92.4*66 0.07.6 0.0 0.0

71.2*66 0.018.2 7.6 3.0

90.9*66 0.06.1 3.0 0.0

1  An asterisk beside a percentage score indicates the median.
2  N = number of consultants who responded to each item.

Practice Guidelines for Management of the Difficult Airway: An Updated Report
American Society of Anesthesiologists

Figure 112-4. Example of survey findings from a table of consultant survey responses.
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the input from individuals attending a presentation or 
“open forum” often identifies special problems aris-
ing from a proposed recommendation (e.g., the use of 
chlorhexidine as a skin disinfectant for neonates). To 
broaden the range of opinion-based sources of input 
further and to maximize input from as many sources as 
possible, copies of draft practice guidelines are posted on 
the public ASA website, along with accompanying docu-
mentation. Comments are invited from anyone reading 
the posted documents, and these unstructured comments 
are evaluated by the task force before finalizing a recom-
mendation. In an effort to promote interdisciplinary col-
laboration and learning, comments and suggestions from 
other medical specialty organizations may be solicited.

Each of these sources of opinion-based evidence is eval-
uated separately by the task force. If any disagreement is 
noted among these sources, additional information can 
be sought to attain consensus. The task force may then 
reevaluate all the assembled evidence before constructing 
a final recommendation. This reevaluation often results 
in mitigating or conditional statements accompanying a 
recommendation.

PROTOCOL FOR ORGANIZING AND 
INTEGRATING AGGREGATED EVIDENCE

When all information has been collected, organized, and 
evaluated, the task force determines where the literature 
and opinion-based evidence is complementary and where 
it is not. Strong literature-based evidence, particularly RCTs, 
in congruence with survey and other opinion-based evi-
dence becomes the basis necessary for a strongly worded 
recommendation. When the literature-based evidence, 
even when strong, is not in congruence with opinion-based 
sources of evidence, the task force may consider terminol-
ogy that is less pronounced or may offer alternatives to the 
routine application of a recommended intervention.

The intent of reviewing all categories of evidence col-
lected during the development of a guideline is to ensure 
that the final recommendation has solid and broad-based 
evidence. Because the strength of a recommendation is 
based on congruence among the various categories of evi-
dence, the final wording of a recommendation can reflect 
mitigating issues that may arise during the multiple vetting 
of the proposed recommendation. Rarely should a guide-
line recommendation be based solely on literature or opin-
ion-based evidence. Other factors to consider include the 
readiness of practitioners to implement a recommended 
intervention and the regulatory requirements associated 
with an intervention. Therefore, a guideline task force 
must have the flexibility to make recommendations that 
are useful and applicable to a variety of clinical situations.

When recommendations have been written and a draft 
document has been created, a final survey is conducted 
addressing the feasibility and cost of implementing a 
guideline (Fig. 112-5). The ASA conducts these feasibil-
ity surveys by asking individuals with expertise in the 
affected area of practice questions such as the following:
  

 1.  Which areas of practice would change subsequent to 
the adaptation of a guideline?

 2

 3
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.  What are the projected costs of implementing a 
guideline?

.  What is the projected increase or decrease in practitio-
ner time associated with implementing a guideline?

 

These opinion-based feasibility estimates are critical to 
he final articulation of guideline recommendations.

The ASA methodology is designed to elicit patterns 
f evidence obtained from a broad set of sources, and 
t is applicable to the development of recommenda-
ions in any number of circumstances. Because the 
vidence for the ASA guidelines originates from two 
rimary sources—published literature and practitioner 
pinion— this methodology is able to consider each 
ource of evidence independently to identify patterns 
f evidence and the extent to which these patterns are 
onsistent across the two primary sources. By examin-
ng these patterns, a guideline task force has the tools 
o assist them in the formulation of robust and useful 
ecommendations.

To assist the reader in understanding these patterns, 
igure 112-6 represents a color-coded visual depiction in 
hich literature-based evidence is identified in the top 

ows, followed by formal survey evidence, and finally 
y informal opinion-based evidence. Evidence of ben-
fit to the patient is noted in green or blue, whereas 
arm is noted in reds or oranges. Stronger categories 
f findings are noted in darker colors; no effect or 
equivocal” evidence remains uncolored. Using this 
ype of matrix, patterns emerge that can guide the 
orking group in writing recommendations. For exam-
le, when darker colors (green/blue or red/orange) are 
onsistently shown, the task force may be confident in 
aking strong recommendations. A mix of colors may 

rompt the group to be more cautious with a recom-
endation or provide more detail regarding the imple-
entation of a recommended intervention. Using these 

atterns, the task force can prepare fully transparent 
ecommendations that adhere to their evidence-based 
ustifications.

As the final step in the implementation of a guide-
ine, a process of approval is initiated. Approval processes 
ary considerably across organizations, and they usually 
ulminate in action by a governing body. For the ASA, 
he process begins with approval by the Committee on 
tandards and Practice Parameters (Committee) and ends 
ith approval (by vote) in the House of Delegates. The 
ommittee submits the document to the House of Del-
gates for one more vetting process by formal Reference 
ommittee review. This review is conducted by holding 
earings open to ASA members wishing to comment on 

he proposed guideline and its recommendations. The 
eference Committee then submits a recommendation 
or approval or disapproval to the House of Delegates, 
nd the House of Delegates, in turn, votes on approval or 
isapproval without any changes to the guideline docu-
ent. Should the guideline fail to be approved, the House 

f Delegates may direct the Committee to address con-
erns that have arisen and submit a revised guideline the 
ollowing year. This review process allows for a thorough 
etting of the guideline before its final acceptance and 
ndorsement on behalf of the members of ASA.
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1.  Approximately how many MRI patients do you manage on an annual basis? ______

2.  Will your clinical practice need new equipment, supplies or training in order to implement the 
Practice Advisory?

Yes__   No___ (if no, please skip to question #3)

a.  What equipment, supplies, or training would be necessary? _______________________

b.  What is your estimate of the initial implementation cost?   $_____

3.  Would the Advisory require ongoing changes in your practice which will affect your costs?

Yes__  No___ (if no, please skip to question #4)

a.  What changes do you anticipate? ___________________________________________

b.  What is your estimate of the annual cost?   $______

4.  What areas of practice would be changed by the implementation of the Advisory? 
Check as many as apply

 Education

 Screening of Anesthetic Care Providers and Ancillary Support Personnel

 Patient Screening

 Preparation or pre-MRI planning

 Patient management during MRI – Monitoring

 Patient management during MRI – Anesthetic Care

 Patient management during MRI – Airway

 Patient management during MRI – Emergencies

 Post-procedure care 

5.  How would implementation of the Advisory affect the amount of time spent on a typical case?
Circle one

a. An increase in time of approximately ____ minutes.

b. A decrease in time of approximately ____ minutes.

c. No appreciable change.

Practice Advisory on Anesthetic Care for Magnetic Resonance Imaging1

American Society of Anesthesiologists

1  Feasibility survey form used in the development of the American Society of Anesthesiologists “Practice Advisory on

Anesthetic Care for Magnetic Resonance Imaging,” Anesthesiology 2009; 110:459-479

Figure 112-5. Example of a feasibility survey form.
SUMMARY AND CONCLUSIONS

Evidence-based guidelines are powerful instruments in 
the never-ending quest to improve patients’ health and 
safety. These guidelines serve to educate clinicians and 
standardize practice in key areas of patient care. A com-
plete and unbiased evaluation of scientific literature is 
essential and critical to this end. Literature-based sources 
of evidence include (1) RCTs for evidence of causation, 
(2) observational studies for evidence of association and 
description, and (3) case reports to identify rare or severe 
adverse events. However, scientific articles and observa-
tional literature should not be the sole sources of evidence 
for a guideline. Although literature is the primary source 
of scientific evidence for guidelines, other factors such as 
the feasibility, practicality, and professional acceptance 
of a recommendation also play a key role.

Supplementing scientific findings with opinion-
based evidence allows for the creation of a broad base 

o
n
c
a
o
f
v
o
a
B
m
m
t

b
i
s
o
p

f evidentiary support, thereby mitigating the risk of 
arrow interpretations of findings. Data from properly 
onducted formal surveys offer important evidence 
ssociated with the appropriateness and practicality 
f a treatment, whereas informal opinions from open 
orums, the Internet, and other sources are useful for 
alidation and feasibility of implementation. Moreover, 
ther sources of information, such as large observational 
nd administrative databases, may also be helpful.47,48 
ecause these sources contain distinct varieties of infor-
ational types, some quantifiable and some not, each 
ust be evaluated on its own merits as an element of 

he whole.
The increased use of concise and transparent evidence-

ased guidelines allows clinicians to be more confident 
n the quality of the evidence, given the comprehen-
iveness and rigor of the underlying methodology. The 
penly transparent process used by the ASA clearly dis-
lays to practitioners the means by which the evidence 



PART IX: Ancillary Issues and Responsibilities 3270

Literature findings:

Category A: Benefit Category B: Benefit Equivocal findings Category B: Harm Category A: Harm

Level 1:
RCT Meta-analysis

Level 1: Nonrandomized
comparative studies

Equivocal
RCT meta-analysis

Level 1: Nonrandomized
comparative studies

Level 1:
RCT Meta-analysis

Level 2: Multiple RCTs Levels 2-3:
Observational literature

Equivocal or inconsistent
RCTs or single RCT

Levels 2-3:
Observational literature Level 2: Multiple RCTs

Level 3: One RCT Level 4: Case series
and case reports

Equivocal or inconsistent
Category B data

Level 4: Case series
and case reports Level 3: One RCT

Expert survey opinion:
median response = 5**

Expert survey opinion:
median response = 4

Expert survey opinion:
median response = 3

Expert survey opinion:
median response = 2

Expert survey opinion:
median response = 1

Member survey opinion:
median response = 5

Member survey opinion:
median response = 4

Member survey opinion:
median response = 3

Member survey opinion:
median response = 2

Member survey opinion:
median response = 1

Subspecialty***
survey opinion:

median response = 5

Subspecialty
survey opinion:

median response = 4

Subspecialty
survey opinion:

median response = 3

Subspecialty
survey opinion:

median response = 2

Subspecialty
survey opinion:

median response = 1

Strong agreement* Moderate agreement Equivocal opinion Moderate disagreement Strong disagreement

Formal survey findings:

Informal opinion:

* Survey response key for proposed intervention: 5 = strongly agree; 4 = agree; 3 = equivocal; 2 = disagree; 1 = strongly disagree.
** Indicates strong agreement with proposed Guideline recommendation to use selected intervention.
*** Surveys are sent to subspecialty or other participating organizations when appropriate.

Informal opinion Majority informal
opinion in favor

Informal opinion equivocal
or inconsistent

Majority informal
opinion against

Informal opinion
strongly against

Figure 112-6. Illustration of patterns of findings from categorically distinct sources of evidence.
was accumulated. Because evidence-based guidelines 
ultimately serve to promote clinical efficacy and patient 
safety, it is imperative that the process by which these 
documents are developed be clear and unequivocal; to 
ask for anything less could jeopardize the best interests of 
practitioners and their patients.
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